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ABSTRACT
C y s ts  o f  A z o to b a c te r  v i n e l a n d i i  ATCC 12837 have been  produced 
i n  b a tc h  c u l t u r e  u t i l i z i n g  B u rk 's  n i t r o g e n - f r e e  medium w ith  1% g lu c o se  
a s  t h e  s o u rc e  o f  ca rb o n  i n  th e  p re s e n c e  o f  0.6% powdered CaCO^.
M ature c y s t s  produced  by t h i s  method p o s s e s s  p r o p e r t i e s  s i m i l a r  to  
th o s e  o f  c y s t s  induced  by rep la c e m e n t  o f  th e  g lu c o s e - c o n ta i n in g  
medium w i th  0.1% J J -h y d ro x y b u ty ra te - c o n ta in in g  medium. When 0.1% 
J J -h y d ro x y b u ty ra te  was added to  th e  g lu c o s e - c o n ta i n in g  medium a t  18 h 
o f  g row th ,  a b o r t i v e  encys tm en t o c c u r r e d .  These c u l t u r e s  became 
e x t re m e ly  v i s c o u s  and f r e e  e x i n e - l i k e  s t r u c t u r e s  were e v id e n t  th ro u g h o u t 
th e  medium.
The u l t r a s t r u c t u r e  o f  v e g e t a t i v e  c e l l s  and c y s t s  o f  A zo to b a c te r  
was examined u t i l i z i n g  v a r io u s  te c h n iq u e s  o f  scan n in g  and t r a n s m is s io n  
e l e c t r o n  m ic ro sco p y . I n t a c t  c o l o n i e s  were p re p a re d  f o r  scann ing  
e l e c t r o n  m icroscopy  by c r i t i c a l  p o i n t  d ry in g .  T h is  method o f  specimen 
p r e p a r a t i o n  en a b le d  e x a m in a t io n  o f  c e l l s  i n  s i t u  w i th o u t  i n t r o d u c t i o n  
o f  a r t i f a c t s  a s s o c i a t e d  w ith  s u r f a c e  t e n s i o n  d u r in g  d r y in g .  These 
s t u d i e s  co n f irm ed  th e  p re s e n c e  o f  v e s i c l e s  o r i g i n a t i n g  from th e  
c e l l  w a l l  o f  e n c y s t in g  c e l l s  d u r in g  m orphogenesis .  Samples were 
removed from  b a tc h  c u l t u r e s  a t  12 h i n t e r v a l s  th ro u g h o u t  th e  6 day 
encys tm en t p e r io d .  These samples were p re p a re d  f o r  t h i n  s e c t i o n in g  
by a d o u b l e - f i x a t i o n  p ro ced u re  accom plished  in  th e  p re s e n c e  o f  
ru th en iu m  r e d .  T h in  s e c t i o n s  examined by t r a n s m is s io n  e l e c t r o n  
m icroscopy  r e v e a le d  th e  o r i g i n  o f  t h e  v e s i c l e s  to  be t h e  L - l a y e r  o f
t h e  c e l l  w a l l .  These v e s i c l e s  were p roduced  from 12 h t o  36 h o f  g row th . 
The v e s i c l e s ,  c o n t a in in g  l ip o p o ly s a c c h a r id e  (LPS) from th e  c e l l  w a l l ,  
accum ula ted  i n  th e  c a p s u le  and were s u b s e q u e n t ly  in c o r p o r a te d  i n t o  c y s t  
c o a t  s t r u c t u r e s .
C ys ts  were f r a c t i o n a t e d  in t o  e x in e  and i n t i n e  components by 
t r e a tm e n t  w i th  3 mM EDTA. The e x in e  was i s o l a t e d  a s  a p a r t i c u l a t e  
f r a c t i o n  by d i f f e r e n t i a l  fo l lo w ed  by  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n .  
I n t i n e ,  w hich was s o l u b i l i z e d  by EDTA, c o u ld  be r e c o v e re d  by e th a n o l  
p r e c i p i t a t i o n .
Chemical e x t r a c t i o n  p ro c e d u re s  were u t i l i z e d  f o r  s e l e c t i v e  
d i s s e c t i o n  o f  t h e  c y s t  c o a t s .  EDTA e f f e c t e d  th e  r e l e a s e  o f  a  p o ly ­
s a c c h a r id e  and a LPS com ponent. Pheno l e x t r a c t e d  o n ly  LPS.
The LPS was q u a n t i t a t e d  by th e  c a rb o c y a n in  dye a s s a y .
S u p e r n a ta n ts  from n o n e n c y s t in g  c u l t u r e s  c o n ta in e d  l a r g e  amounts o f  
f r e e  LPS. LPS was p r e s e n t  i n  e n c y s t i n g  c u l t u r e s  u n t i l  12 h o f  grow th 
a f t e r  which t im e ,  th e  amount o f  LPS r a p i d l y  d e c l in e d .  T h is  app ea ran ce  
o f  LPS i s  th o u g h t  to  r e s u l t  from e v a g i n a t i o n  o f  v e s i c l e s  d u r in g  
e n c y s tm e n t .  D isap p ea ran c e  o f  LPS r e s u l t s  a s  ca lc ium  io n s  c o o r d in a te  
th e  LPS i n t o  a s t r u c t u r a l  component o f  c y s t  c o a t s .
The ch em ica l  a n a l y s i s  o f  c y s t  c o a t  f r a c t i o n s  has  en ab led  a 
b e t t e r  u n d e r s ta n d in g  o f  en cy s tm en t .  C a p su la r  p o ly s a c c h a r id e  o f  
A z o to b a c te r  c o n ta in e d  g lu c o se  and a h ex u ro n ic  a c i d .  Exine c o m p o s i t io n  
r e f l e c t e d  c a p s u le  co m p o s i t io n  w ith  th e  a d d i t i o n a l  L P S - s p e c i f i c  
components rham nose, r i b o s e ,  and g lu c o sam in e .  I n t i n e  c o n ta in e d  
b o th  p o ly s a c c h a r id e  and LPS components, i n c lu d in g  g a l a c t o s e ,  x y lo s e ,  
r i b o s e ,  rham nose, and g a 1ac to sa m in e .  The p u r i f i e d  LPS was h y d ro ly ze d
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f o r  i s o l a t i o n  o f  l i p i d  A. LPS c o m p o s i t io n  i n c lu d e d  r i b o s e ,  rham nose ,  
h e p t o s e  and g a l a c to s a m in e .  The p r e s e n c e  o f  e th a n o la m in e  and a  2 - k e t o -  
3 -d e o x y  s u g a r  i s  s u s p e c t e d .  The l i p i d  A com ponent c o n t a i n e d  d e r i v a ­
t i v e s  o f  C-12 and  C-14 f a t t y  a c i d s .
A m o d i f i c a t i o n  o f  t h e  p r e s e n t  t h e o r y  o f  e n c y s tm e n t  i s  p ro p o s e d .  
The f i r s t  m o r p h o lo g ic a l  e v e n t  o f  e n c y s tm e n t  i s  t h e  e v a g i n a t i o n  o f  
v e s i c l e s  a s  e a r l y  a s  12 h o f  g ro w th .  T h is  LPS a c c u m u la te s  i n  t h e  
c u l t u r e  medium. When s u f f i c i e n t  c a lc iu m  i s  p r e s e n t ,  th e  c a p s u l e  i s  
a l t e r e d  i n  su c h  a  m anner t h a t  p o l y s a c c h a r i d e  and LPS a r e  c o o r d in a t e d  
i n t o  t h e  d i f f e r e n t i a t e d  s t r u c t u r e s  o f  c y s t  c o a t s .  F l a g e l l a  a r e  
e n t r a p p e d  in  t h i s  p r o c e s s ,  r e s u l t i n g  i n  t h e  s m a l l  amount o f  p r o t e i n  
p r e s e n t  i n  c y s t  c o a t  f r a c t i o n s .
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INTRODUCTION
The fo rm a t io n  o f  b a c t e r i a l  r e s t i n g  forms p r o v id e s  m ic ro ­
b i o l o g i s t s  w ith  e l e g a n t  model systems f o r  e l u c i d a t i o n  o f  th e  
r e g u l a t i o n  o f  c e l l u l a r  d i f f e r e n t i a t i o n  and m orphogenesis .  The 
r e s t i n g  forms most f r e q u e n t ly  s tu d ie d  in c lu d e  th e  endospo res  
p roduced by C lo s t r i d iu m  and B a c i l l u s , t h e  m ic ro c y s t  produced by 
Myxococcus, and th e  c y s t  p roduced  by A z o to b a c te r .
While endospo res  and m ic ro c y s ts  have been  th e  s u b je c t  o f  
l o n g - s t a n d in g  r e s e a r c h ,  c y s t s  o f  A z o to b a c te r  rem ain  p o o r ly  c h a r a c t e r ­
iz e d  c h e m ic a l ly ,  p h y s i o l o g i c a l l y  and g e n e t i c a l l y .  Only th e  
u l t r a s t r u c t u r e  and m orphogenesis  o f  t h e s e  forms have been  e x t e n s i v e l y  
exam ined .
Development o f  l i q u i d  c u l t u r e  methods f o r  t h e  p ro d u c t io n  o f  
c y s t s  has  removed many o f  t h e  b a r r i e r s  t o  chem ica l and p h y s io lo g i c a l  
c h a r a c t e r i z a t i o n .  However, d i s c r e p a n c i e s  i n  c y s t  p ro d u c t io n  methods 
have le d  to  c o n fu s io n  c o n c e rn in g  th e  a b i l i t y  o f  c y s t s  t o  form in  a 
g lu c o s e - c o n ta i n in g  medium. F u r th e rm o re ,  m o rp h o lo g ica l  and u l t r a -  
s t r u c t u r a l  i n v e s t i g a t i o n s  c o n f l i c t  b e c a u se  o f  th e  v a r i e t y  o f  
p r e p a r a t i v e  methods u t i l i z e d  i n  p r e s e r v a t i o n  o f  sam ples f o r  e l e c t r o n  
m icroscopy .
T h is  r e s e a r c h  was u n d e r ta k e n  to  examine d e f i n i t i v e l y  th e  
u l t r a s t r u c t u r e  o f  v e g e t a t i v e  c e l l s  and c y s t s  o f  A z o to b a c te r  
v i n e l a n d i i  w i th  s p e c i a l  em phasis  on th e  m orphogenesis  l e a d in g  to  
th e  c y s t  s t a t e .  In fo rm a t io n  abou t th e  s t r u c t u r e  o f  th e  c y s t  c o a t
o b ta in e d  from  t h i s  s tu d y  se rv ed  a s  a  t h e o r e t i c a l  b a s i s  f o r  th e  
s e l e c t i o n  o f  f r a c t i o n a t i o n  methods f o r  e x t r a c t i o n  and i s o l a t i o n  o f  
t h e  v a r io u s  components o f  th e  c y s t  c o a t .  The ch em ica l  a n a l y s i s  o f  
th e s e  f r a c t i o n s  was u n d e r ta k e n  i n  an  a t te m p t  to  d e te rm in e  th e  o r i g i n  
o f  components and th e  r e l a t i o n s h i p  o f  s t r u c t u r e  and f u n c t i o n  i n  th e  
encystm ent o f  A z o to b a c te r .
REVIEW OF LITERATURE
A z o to b a c te r  v i n e l a n d i i  has  b e e n  th e  s u b je c t  o f  much r e s e a r c h  
d i r e c t e d  toward th e  e l u c i d a t i o n  o f  th e  mechanisms o f  t h e  c e l l u l a r  
d i f f e r e n t i a t i o n  o c c u r r i n g  d u r in g  e n c y s tm e n t .  This p rob lem  has been  
i n v e s t i g a t e d  by d i v e r g e n t  app ro ach es  employing d e v e lo p m e n ta l ,  
m o rp h o lo g ic a l ,  and p h y s i o l o g i c a l  m e thods .
Cysts of Azotobacter
Jones  (1920) f i r s t  re c o g n iz e d  and r e p o r te d  a t h i c k - w a l le d  
r e s t i n g  form in  1 4 -d ay  c u l t u r e s  o f  A z o to b a c te r . I n  1935 , B a tch in sk ay a  
r e p o r t e d  a  d o u b le - l a y e r e d  c a p su le  su r ro u n d in g  a g in g  c e l l s  o f  
A z o to b a c te r . M ic ro s c o p ic  o b s e r v a t io n s  le d  him to  s u g g e s t  t h a t  th e  
in n e rm o s t  l a y e r  was composed o f  a g e l - l i k e  m a t e r i a l ,  e n c a p su la te d  
by  a d e n s e r  o u te r  l a y e r .
The f i r s t  s t u d i e s  o f  encys tm en t c o n s i s te d  o f  a t t e m p t s  to  
in d u c e  c y s t  fo rm a t io n  b y  in c o r p o r a t i o n  o f  v a r io u s  s u b s t r a t e s  i n t o  
t h e  c u l t u r e  medium. Winogradsky (1938) found t h a t  v e g e t a t i v e  c e l l s  
cou ld  be  induced  to  e n c y s t  r a p i d l y  and co m p le te ly  by  i n c o r p o r a t i o n  
o f  n -b u ta n o l  as  a s o l e  so u rce  o f  c a rb o n  in t o  th e  c u l t u r e  medium.
He described the cytology of these cysts by examining violamine- 
stained preparations, observing a darkly-staining inner portion 
corresponding to the modified vegetative cell, a yellow staining 
inner ring, and a darkly staining outer ring. The inner and outer 
layers of the cyst coat were termed intine and exine, respectively.
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The o rgan ism  rem ained l i t t l e  more th a n  a l a b o r a t o r y  c u r i o s i t y  
f o r  th e  nex t s e v e r a l  y e a r s ,  d u r in g  which time s e v e r a l  i n v e s t i g a t o r s  
r e p o r te d  th e  o c c u r r e n c e  o f  v a r io u s  b i z a r r e  m o rp h o lo g ic a l  v a r i a n t s  
in c lu d in g  f i l a m e n t s ,  bu d s ,  a r t h r o s p o r e s ,  e n d o sp o re s ,  ex o sp o re s ,  
m ic r o c y s t s ,  and g o n id i a  (Ebhnis and  Sm ith , 1923; E i s e n s t a r k ,  e t  a l . , 
1950; B i s s e t  and H a le ,  1953). I t  i s  c u r r e n t l y  b e l i e v e d  th a t  most 
o f  t h i s  p leom orphism  a ro s e  from o b s e r v a t io n s  o f  con tam ina ted  
c u l t u r e s  o r  by i n c o r p o r a t i o n  o f  combined n i t r o g e n  so u rces  i n t o  t h e  
c u l t u r e  medium ( J e n s e n ,  1954).
The n ex t  s e r i o u s  a t te m p t t o  s tu d y  en cy s tm en t was u n d e r ta k e n  
by S oco lo fsky  and Wyss (1961), who dem onstra ted  t h e  s t r u c t u r e  
proposed  by W inogradsky (1938) by examining c y s t s  i n  t h i n  s e c t i o n s  
p re p a re d  f o r  e l e c t r o n  m icroscopy. These i n v e s t i g a t o r s  found t h a t  
e th y le n e d ia m in e  t e t r a a c e t i c  a c id  (EDTA) e f f e c t e d  r u p tu r e  o f  th e  
ex in e  w ith  su b se q u e n t  r e l e a s e  o f  t h e  c e n t r a l  body i n  a n o n v ia b le  s t a t e .  
The e f f i c i e n c y  o f  r e l e a s e  cou ld  be  fo llow ed by t h e  a s s o c ia te d  
d e c re a se  i n  o p t i c a l  d e n s i t y  o f  t h e  c y s t  s u s p e n s io n s .  Since v e g e t a t i v e  
c e l l s  were r a t h e r  i n s e n s i t i v e  t o  EDTA exposure ,  l y t i c  s u s c e p t i b i l i t y  
became a c r i t e r i o n  o f  c y s t  m a t u r i t y .  This a c t i o n  o f  EDTA led  to  t h e  
h y p o th e s is  t h a t  d i v a l e n t  c a t io n s  were a c t iv e  i n  c o o r d in a t io n  o f  
c y s t  c o a t  s t r u c t u r e s .  S oco lo fsky  and Wyss (1962) found th a t  c y s t s  
were ex trem ely  r e s i s t a n t  to  d e s i c c a t i o n ,  p ro v id in g  a n o th e r  c r i t e r i o n  
o f  encystm ent and an e x p la n a t io n  f o r  th e  o c c u r re n c e  o f  the c y s t  
s t a t e  i n  n a tu r e .
Wyss, e £  a l . (1961) examined th e  m orphogenesis  o f  c y s t s ,  
induced by th e  method o f  Winogradsky (1938), and p re p a re d  f o r  
e l e c t r o n  m icroscopy  by  KMn 04  f i x a t i o n .  As en cy s tm en t proceeded
5ro d -sh ap ed  v e g e t a t i v e  c e l l s  rounded u p ,  accum ula ted  m u l t i p l e  
i n c l u s i o n  g ra n u le s  presumed to  be  p o ly -J J -h y d ro x y b u ty r ic  a c i d  (PHB), 
and p roceeded  to  a c q u i r e  a m u l t i - l a y e r e d  c o a t .
Tchan , e£  a l . (1962) o b ta in e d  s i m i l a r  r e s u l t s  by s tu d y in g  
c u l t u r e s  f ix e d  w ith  1% OsO^ ( K e l le n b e r g e r ,  e t  a l . , 1958). They 
r e p o r te d  a  d is c o n t in u o u s  t r i l a m i n a r  s t r u c t u r e  o c c u r r in g  i n  th e  
i n t i n e  l a y e r  o f  th e  c y s t  c o a t .
S tev e n so n  and S o co lo fsk y  (1966) n o te d  a  d i r e c t  c o r r e l a t i o n  
betw een th e  amount o f  PHB a c c u m u la t io n  and th e  p e rc e n ta g e  o f  c y s t s  
formed. They s u g g e s te d  t h a t  PHB a c c u m u la t io n  o c c u r re d  c o n c o m ita n t ly  
w i th  ca rb o n  a s s i m i l a t i o n  s in c e  exogenous c a rb o n  was u t i l i z e d  more 
r a p i d l y  t h a n  th e  c e l l s  cou ld  f i x  a tm o sp h e r ic  n i t r o g e n .  T h is  
unba lanced  growth c o n d i t i o n  was n e c e s s a r y  f o r  encys tm en t s in c e  
PHB co u ld  be  m o b i l iz e d  f o r  i n c o r p o r a t i o n  i n t o  c y s t  c o a t  components 
a f t e r  exogenous ca rb o n  a s s i m i l a t i o n  and n i t r o g e n  f i x a t i o n  had c e a se d .  
Thus, th e s e  i n v e s t i g a t o r s  f e l t  t h a t  PHB p ro v id ed  th e  ca rb o n  and 
energy  s o u rc e s  fo r  en cy s tm en t.
S e n io r  and Dawes (1971) su g g e s te d  t h a t  PHB a c c u m u la t io n  
se rved  a s  a mechanism by which a  r e a d i l y  a v a i l a b l e  r e s e r v e  o f  c a rb o n ,  
re d u c in g  pow er, and e n e rg y  a l s o  s e rv e d  i n  a  r e g u l a t o r y  c a p a c i t y  by 
c h a n n e l in g  NADPH and NADH, in v o lv e d  i n  i t s  b i o s y n t h e s i s ,  to  impose 
l i m i t a t i o n s  on growth th ro u g h  i n h i b i t i o n  o f  g lu c o se  o x i d a t io n  and 
c i t r a t e  m e tabo lism , th u s  c o n t r o l l i n g  th e  r a t e  o f  n i t r o g e n  f i x a t i o n .
Cohen and Jo h n s to n e  (1963) r e p o r te d  t h a t  when A z o to b a c te r  
v i n e l a n d i i  was grown in  l i q u i d  c u l t u r e ,  a c id  p o ly s a c c h a r id e s  were 
e x c re te d  i n t o  the  medium low ering  th e  pH to  5 .5  a f t e r  f i v e  days o f  
g row th . C e l l s  were ex tre m e ly  s e n s i t i v e  to  a c i d  pH and no encystm en t
o c c u r re d  un d er  th o s e  c o n d i t i o n s .  S tevenson  and S o c o lo fs k y  (1972) 
m o d if ied  B u rk 's  n i t r o g e n - f r e e  s a l t s  s o l u t i o n  (W ilson and K n ig h t ,
1952) by s u b s t i t u t i n g  CaCl2 f o r  CaSO^ and by th e  a d d i t i o n  o f  0.6% 
powdered CaCO^, to  m a in ta in  an  a l k a l i n e  pH and to  p ro v id e  an  ex cess  
o f  c a lc iu m  to  encourage  en cy s tm en t.  C e l l s  were q u a n t i t a t i v e l y  
c o n v e r te d  i n t o  c y s t s  i n  fo u r  d a y s ,  when 1% g lu c o s e  se rv ed  a s  th e  
c a rb o n  s o u rc e .  C r i t e r i a  f o r  encys tm en t in c lu d e d  l y t i c  s u s c e p t i ­
b i l i t y ,  d e s i c c a t i o n  r e s i s t a n c e ,  and o p t i c a l  r e f r a c t i l i t y  ad judged  by 
ph ase  c o n t r a s t  m ic ro scopy . U nbuffe red  c u l t u r e s  o r  c u l t u r e s  
p e r i o d i c a l l y  n e u t r a l i z e d  w i th  KOH accum ula ted  c o n s id e r a b l e  amounts 
o f  a c i d  p o ly s a c c h a r id e  n o te d  by th e  low pH and ex trem e v i s c o s i t y  
o f  c u l t u r e  s u p e r n a t a n t s .  U sing  t h e i r  newly deve lo p ed  l i q u i d  
c u l t u r e  method, S tev en so n  and S o c o lo fsk y  (1973) con firm ed  th e
r e l a t i o n s h i p  betw een PHB a c c u m u la t io n  and p e rc e n ta g e  o f  encys tm en t
14by fo l lo w in g  th e  d i s t r i b u t i o n  o f  C - la b e le d  a c e t a t e  i n  c y s t s .  
G r e a te r  th a n  90% o f  th e  l a b e l  was found in  PHB when c u l t u r e s  were 
sampled i n  t h e  p r e c y s t i c  s ta g e  o f  developm en t.  When CaCO^ was 
p r e s e n t  i n  th e  c u l t u r e  medium, 80% o f  t h e  l a b e l  rem ained  i d e n t i f i e d  
w i th  th e  c y s t s  w h ile  20% was l o s t  by C02 e v o l u t i o n .  Of th e  80% 
c o n ta in e d  i n  c y s t s ,  f r a c t i o n a t i o n  w i th  EDTA r e s u l t e d  in  6570 o f  
th e  l a b e l  a p p e a r in g  i n  th e  c e n t r a l  body and e x in e  ( p a r t i c u l a t e  
f r a c t i o n )  and 35%, o f  th e  l a b e l  ap p ea red  in  what was presumed to  
be i n t i n e  ( s o lu b le  f r a c t i o n ) .  When no CaCO^ was employed, l a b e l  
d i s t r i b u t i o n  was 20% i n  CO^, 45% i n  th e  PH B -cell f r a c t i o n  and 35% 
i n  th e  p o ly s a c c h a r id e s  o f  th e  c u l t u r e  s u p e r n a ta n t .
L in  and S ad o ff  (1968) con tended  t h a t  c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  cou ld  no t be  induced  to  e n c y s t  i n  a g lu c o s e - c o n ta i n in g
medium. They exam ined  s e v e r a l  compounds m e t a b o l i c a l l y  r e l a t e d  to  
n - b u t a n o l ,  i n c l u d i n g  b u t y r a l d e h y d e ,  b u t y r a t e ,  c r o t o n a t e ,  and JJ- 
h y d r o x y b u ty r a t e  (BHB). Only c r o t o n a t e  and BHB w ere  s u c c e s s f u l  
e n c y s tm e n t  i n d u c e r s .  T hese  r e s u l t s  l e d  t o  t h e  tw o - s t e p  r e p la c e m e n t  
c u l t u r e  method w here  lo g  p h a s e  v e g e t a t i v e  c e l l s  w ere  p ro d u ced  i n  
B u r k 's  n i t r o g e n - f r e e  medium w i t h  1% g lu c o s e  a s  t h e  c a r b o n  s o u r c e .
A t  18 h o f  g ro w th ,  t h e  c e l l s  w ere  p e l l e t e d ,  r e s u s p e n d e d  i n  B u r k 's  
s a l t s  s o l u t i o n ,  w ashed ,  and r e s u s p e n d e d  i n  B u r k 's  medium w i th  0.1%
BHB as the carbon source. Encystment was complete four days 
after replacement.
When c y s t s  w ere  p ro d u ced  b y  BHB i n d u c t i o n ,  c u l t u r a l  c o n d i t i o n s  
p a r a l l e l e d  t h o s e  d e s c r i b e d  by  S te v e n s o n  and  S o c o lo f s k y  (1 9 7 3 ) .
C u l t u r a l  v i s c o s i t y  rem a in ed  low and  e n c y s tm e n t  r e a c h e d  93% i n  f i v e  
d a y s  b ased  upon d i r e c t  c o u n t s  o f  o p t i c a l l y  r e f r a c t i v e  b o d ie s  by 
p h a s e  c o n t r a s t  m ic ro s c o p y .
A t te m p ts  w ere  made by  L in  and S a d o f f  (1968) t o  in d u c e  c y s t s  by 
s u p p le m e n t in g  t h e  g l u c o s e - c o n t a i n i n g  medium w i th  0.1% BHB, b u t  th o s e  
c u l t u r e s  became e x t r e m e ly  v i s c o u s  and  few c e l l s  e n c y s t e d .  These  
r e s u l t s  w ere  s i m i l a r  t o  t h o s e  r e p o r t e d  by  S te v e n s o n  and S o c o lo f s k y  
(1973) w here  c u l t u r e s  were n e u t r a l i z e d  p e r i o d i c a l l y  w i th  KOH. L in  
and  S a d o f f  (1968 )  c o n c lu d e d  t h a t  g lu c o s e  a n t a g o n iz e d  th e  e f f e c t  o f  
BHB t o  p rom ote  e n c y s tm e n t .  They  s u g g e s te d  t h a t  t h e  in c r e a s e d  v i s c o s i t y  
o f  c u l t u r e  s u p e r n a t a n t s  was t h e  r e s u l t  o f  n o n - c r o s s l i n k e d  p e p t i d o g l y c a n  
e x c r e t e d  from  t h e  c e l l .
P h y s io lo g y  o f  encys tm en t
Developm ent o f  l i q u i d  c u l t u r e  methods f o r  p r o d u c t io n  o f  
c y s t s  e n a b le d  d e t a i l e d  i n v e s t i g a t i o n  o f  th e  p h y s i o l o g i c a l  a l t e r a t i o n s  
o c c u r r i n g  d u r in g  e n c y s tm e n t .
When c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  w ere grown by th e  
r e p la c e m e n t  c u l t u r e  m e thod , th e y  u nderw en t a f i n a l  round o f  c e l l  
d i v i s i o n  w i th o u t  a p p a r e n t  s y n t h e s i s  o f  d e o x y r ib o n u c le i c  a c id  (DNA), 
t h e r e b y  r e d u c in g  th e  number o f  n u c l e o id s  from two t o  one p e r  c e l l  
( S a d o f f ,  e t  a l . ,  1971).  A cco rd in g  t o  t h e s e  i n v e s t i g a t o r s ,  BHB 
d e h y d ro g e n a se  was d e r e p r e s s e d  by a d d i t i o n  o f  t h e  i n d u c e r  b u t  t h i s  
s i n g l e  e v e n t  was n o t  r e s p o n s i b l e  f o r  i n d u c t i o n  o f  e n c y s tm e n t .  A 
c o m p le te  c e s s a t i o n  o f  n i t r o g e n  f i x a t i o n  o c c u r r e d  t h r e e  hours  a f t e r  
r e p la c e m e n t .
H i t c h in s  and S a d o f f  (1973) e x te n d e d  th e s e  i n v e s t i g a t i o n s  o f  
c y s t  i n d u c t i o n  which employed th e  re p la c e m e n t  method by c h a r a c t e r i z i n g  
t h e  seq u en ce  o f  b io c h e m ic a l  e v e n t s  o c c u r r i n g  i n  t h e  f i r s t  36 h o f  
e n c y s tm e n t .  Upon i n i t i a t i o n  o f  e n c y s tm e n t ,  n i t r o g e n  f i x a t i o n  and  
g lu c o s e - 6 - p h o s p h a t e  d e h y d ro g en a se  a c t i v i t y  d e c r e a s e d ,  fo l lo w ed  b y  a 
b i p h a s i c  i n c r e a s e  i n  t h e  a c t i v i t y  o f  BHB d e h y d ro g e n a se ,  i s o c i t r a t e  
d e h y d ro g e n a se ,  i s o c i t r a t e  l y a s e ,  and m a la te  s y n t h e t a s e  a t  3 h and 
a t  21 h .  F r u c t o s e - 1 , 6 - d i p h o s p h a t e  a l d o l a s e  a c t i v i t y  reac h ed  a  
maximum a t  6 h o f  e n cy s tm en t  and th e n  g r a d u a l l y  d e c r e a s e d .  F r u c t o s e -  
1, 6 -d ip h o s p h a  t a s e  a c t i v i t y  re a c h e d  a maximum a t  9 h and a g a in  a t  27 h 
o f  e n c y s tm e n t .  DNA s y n t h e s i s  o c c u r r e d  up to  t h e  l a s t  c e l l  d i v i s i o n  
a t  4 t o  6 h o f  e n cy s tm en t  w h i le  r i b o n u c l e i c  a c i d  (RNA) s y n t h e s i s  
c o n t in u e d  u n t i l  12 h o f  e n c y s tm e n t .  I n c o r p o r a t i o n  o f  ^ C - l a b e l e d  
l e u c i n e  i n d i c a t e d  p r o t e i n  s y n t h e s i s  o c c u r r e d  th r o u g h o u t  e n c y s tm e n t .
9These w orkers  co n c lu d e d  t h a t  po lym ers  r e q u i r e d  f o r  c y s t  c o a t  f o r m a t io n  
must be s y n th e s iz e d  d u r in g  e n cy s tm en t  from  th e  l i p o l d a l  in d u c e r s  v i a  
th e  g ly o x y l a t e  s h u n t  and g lu c o n e o g e n e s i s .  S in c e  no n i t r o g e n  f i x a t i o n  
o c c u r s  a f t e r  i n i t i a t i o n  o f  e n c y s tm e n t ,  m a c ro m o le c u la r  s y n t h e s i s  i s  
d e p e n d e n t  upon tu r n o v e r  o f  RNA and p r o t e i n .  T hese  r e s u l t s  p a r a l l e l  
t h e  b io c h e m ic a l  e v e n t s  o c c u r r in g  i n  m ic r o c y s t  f o r m a t io n  i n  Myxococcus 
x a n th u s  (Sudo and Dworkin, 1973) and i n  s p o r u l a t i o n  o f  th e  B a c i l l a c e a e  
( V i n t e r ,  1969).  S a d o f f  (1973) has  re v ie w e d  th e  c o m p a ra t iv e  a s p e c t s  
o f  t h e  mechanisms o f  c e l l u l a r  d i f f e r e n t i a t i o n  i n  A z o to b a c t e r . 
M yxococcus, and B a c i l l u s .
U l t r a s t r u c t u r e  o f  A z o to b a c te r
D evelopm ent o f  t h e  l i q u i d  c u l t u r e  t e c h n iq u e s  e n a b le s  
i n v e s t i g a t o r s ,  t o  exam ine t h e  u l t r a s t r u c t u r e  o f  A z o to b a c te r  o v e r  a  
w ide r a n g e  o f  c o n d i t i o n s  in c lu d in g  c e l l - f r e e  e x t r a c t s ,  c y s t  com ponents ,  
and m o rphogenesis  u n d e r  v a r i o u s  c u l t u r a l  c o n d i t i o n s .  The v a r i e t y  
o f  p r e p a r a t i v e  t e c h n iq u e s  u t i l i z e d  f o r  e l e c t r o n  m ic ro sco p y  has  
y i e l d e d  much u s e f u l  i n f o r m a t io n  c o n c e r n in g  th e  u l t r a s t r u c t u r e  o f  
A z o to b a c t e r .
Vegetative cells
N e g a t iv e  s t a i n s  and ca rbon  r e p l i c a s  o f  v e g e t a t i v e  c e l l s  
r e v e a l  p e r i t r i c h o u s  f l a g e l l a t i o n .  E x a m in a t io n  o f  t h i n  s e c t i o n s  
h as  r e v e a le d  t h e  v e g e t a t i v e  c e l l  t o  b e  o v a l  t o  r o d - s h a p e d ,  p o s s e s s in g  
th e  m u l t i - l a y e r e d  c e l l  w a l l  t y p i c a l  o f  gram n e g a t i v e  o rgan ism s 
( H i t c h i n s  and S a d o f f ,  19 7 0 ) .  When c e l l s  were f i x e d  w i th  1% OsO^, 
t h e  o u t e r  l a y e r  o f  t h e  c e l l  w a l l  s t a i n e d  d a r k ly  and d e m o n s t ra te d  
th e  t r i l a m i n a r  s t r u c t u r e  t y p i c a l  o f  u n i t  membranes. A second
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t r i l a m i n a r  l a y e r  o c c u r re d  b u t  t h i s  l a y e r  d id  no t  hav e  th e  h ig h  
a f f i n i t y  f o r  th e  f i x a t i v e  s e e n  in  th e  o u t e r  l a y e r .  The t h i r d  
t r i l a m i n a r  s t r u c t u r e  c o n s i s t e d  o f  th e  cy to p la sm ic  membrane. The 
i n v e s t i g a t o r s  o bserved  that the c y to p la s m ic  membrane p o s s e s s e d  numerous 
in v a g in a t i o n s  form ing e l e c t r o n  t r a n s p a r e n t  a re a s  f i r s t  termed 
p e r i p h e r a l  b o d ie s  by Wyss, e t  a l . (1 9 6 2 ) .  Gardner (1969) used 
t e t r a z o l iu m  b lu e  to  l o c a l i z e  c y to c h e m ic a l ly  th e  r e s p i r a t o r y  
a p p a ra tu s  i n  th e s e  a r e a s .  Oppenheim and Marcus (1970) sugges ted  
th e  n i t r o g e n a s e  complex was lo c a te d  i n  t h e  p e r i p h e r a l  b o d ie s .  They 
d e m o n s tra te d  t h a t  th e  c o m p le x i ty  o f  t h e  membrane i n v a g in a t i o n s  i s  
dependent upon the  p a r t i a l  p r e s s u r e  o f  oxygen in  t h e  c u l t u r e  medium.
They p r e s e n te d  ev id en ce  i n d i c a t i n g  t h a t  in c re a s e d  membrane c o m p lex i ty  
r e s u l t e d  from  h igh  l e v e l s  o f  d i s s o lv e d  oxygen w h ile  lo w er  l e v e l s  
reduced  th e  d eg ree  o f  membrane i n v a g in a t i o n .  The d e l e t e r i o u s  
e f f e c t  o f  oxygen upon th e  n i t r o g e n a s e  complex was d i s c u s s e d  by 
S tew ert (1973) and by S t r e i c h e r  and V a le n t in e  (1973) .  L o c a l i z a t i o n  
o f  the  n i t r o g e n a s e  complex i n  th e  p e r i p h e r a l  b o d ie s  was confirm ed 
by c y to c h e m ic a l  s t u d i e s  u s in g  c o n ju g a te d  a n t ib o d y  to  l o c a l i z e  
s p e c i f i c a l l y  th e  f e r r i t i n  component ( S ta s n y ,  e t  a l . , 1973 and 
S ta sn y ,  e t  a l . , 1974).
The c y to p la sm ic  a r e a s  o f  A z o to b a c te r  ap p ea r  d e n s e ly  packed 
w ith  r ibosom es  and e l e c t r o n  t r a n s p a r e n t  a r e a s  c o r re s p o n d in g  to  
p o r t i o n s  o f  th e  n u c l e o id s .  M ic ro tu b u le s  o c c u r  f r e q u e n t l y  a l th o u g h  
t h e i r  c o m p o s i t io n  and f u n c t i o n  rem ain  unknown (Pope and J u r t s h u k ,  1967).
C a p s u la r  p o ly s a c c h a r id e  i s  no t  p re s e rv e d  by th e  u su a l  f i x a t i o n  
p ro c e d u re s ;  however, Pope and Wyss (1970) s u c c e s s f u l l y  s t a in e d  
A z o to b a c te r  c a p s u la r  p o ly s a c c h a r id e  by  f i x i n g  t h e i r  specim ens in
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t h e  p r e s e n c e  o f  ru th en iu m  re d  by  t h e  p ro c e d u re  o f  F a t e  and O rdal 
(1967 ) .  The c a p s u le  ap p ea red  a s  a  f l u f f y  f ib r o u s  m a t e r i a l  su r ro u n d in g  
th e  c e l l s .  C ag le ,  e t  a l .  (1972) examined a  v a r i e t y  o f  s l im e  p ro d u c in g  
b a c t e r i a  s t a i n e d  w ith  ru th en iu m  r e d ,  d e m o n s t r a t in g  t h e  u s e f u ln e s s  o f  
th e  method f o r  v i s u a l i z a t i o n  o f  e n c a p s u l a te d  o rg an ism s .
The cop ious  s l im e  produced  by A z o to b a c te r  r e s u l t s  i n  th e  
o c c u r re n c e  o f  a g g re g a te s  o f  c e l l s  su r ro u n d ed  by a common c a p s u le  
(Vela and C ag le ,  1972 ) .  The p u rp o se  o f  t h i s  s l im e  seems tw o fo ld  -  
to  p ro v id e  a h y g ro sc o p ic  m i l i e u  b in d in g  s o i l  p a r t i c l e s  i n t o  a 
f a v o ra b le  m icroenv ironm en t f o r  s u r v i v a l  i n  s o i l s  ( H a r r i s  and M i t c h e l l ,  
1 973),  and to  p ro v id e  c a rb o h y d ra te  s u b u n i t s  f o r  c o n d e n s a t io n  i n t o  
c y s t  c o a t  s t r u c t u r e s  (E k lund , e t  a l . , 1966).
M orphogenesis
The f i r s t  u l t r a s t r u c t u r a l  a l t e r a t i o n  a s s o c i a t e d  w i th  
encys tm en t i s  th e  a c c u m u la t io n  o f  PHB. The ro d -sh ap ed  v e g e t a t i v e  
c e l l s  round  up, d e c r e a s e  i n  s i z e  and become n o n -m o t i le .  PHB 
a c c u m u la t io n  re a c h e s  a  maximum a t  a p p ro x im a te ly  48 h a f t e r  i n i t i a t i o n  
o f  en c y s tm e n t .  E v a g in a t io n s  o f  th e  w a l l  a p p e a r  on th e  c e l l  s u r f a c e  
and p in c h  o f f  to  form s p h e r i c a l  v e s i c l e s .  As encys tm en t p ro c e e d s ,  
th e  f i b r o u s  l a y e r s  o f  t h e  i n t i n e  a r e  form ed , e n c lo se d  by th e  dense  
b a r k - l i k e  e x in e  (V e la ,  jet a l . , 1970). These w orkers  r e p o r te d  a 
membrane s e p a r a t in g  th e  e x in e  and i n t i n e  l a y e r s  o f  th e  c y s t  c o a t .
H i tc h in s  and S a d o f f  (1970) d e s c r ib e d  th e  m orphogenesis  o f  
c y s t s  induced  i n  BH B-contain ing  medium. They su g g es ted  t h a t  
th e  v e s i c l e s ,  a p p e a r in g  a t  th e  c e l l  w a l l ,  m ig ra te  outw ard i n t o  the  
c a p s u l a r  p o ly s a c c h a r id e  su r ro u n d in g  th e  c e l l ,  and f l a t t e n  o u t  to
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form the plate-like structures comprising the exine layer of the 
cyst coat. They also suggested that the vesicles might contain a 
lipopolysaccharide-lipoprotein component.
Few s t r u c t u r a l  changes  o c c u r  a f t e r  f o r m a t io n  o f  th e  i n t i n e  and 
e x in e  l a y e r s  on  th e  f o u r t h  day  o f  e n c y s tm e n t .  The c e n t r a l  body 
f u r t h e r  d e c r e a s e s  i n  s i z e  and t h e  amount o f  PHB g r a d u a l l y  d e c l i n e s .
Koo and S a d o f f  (1969) r e p o r t e d  a t t e m p t s  to  f r e e z e - f r a c t u r e  
c y s t s  b u t  th e y  succeed ed  o n ly  i n  o b s e r v in g  th e  e x t e r i o r  o f  t h e  
i n t a c t  c y s t s .  C ag le ,  e t  a l .  (1973) su ccee d ed  i n  f r a c t u r i n g  c y s t s  
and w ere a b l e  t o  exam ine th e  s p a t i a l  r e l a t i o n s h i p s  o f  c e l l  a g g r e g a t e s .  
They c o n f irm e d  th e  p r e s e n c e  o f  v e s i c l e s  i n  e a r l y  s t a g e s  o f  e n c y s tm e n t .  
They a l s o  p r e s e n te d  s c a n n in g  e l e c t r o n  m ic ro g rap h s  o f  c e l l s  o b ta in e d  
from  aqueous  s u s p e n s io n s .  Both  v e g e t a t i v e  c e l l s  and  c y s t s  were 
s e v e r e l y  d i s t o r t e d  from  th e  e f f e c t s  o f  s u r f a c e  t e n s i o n  f o r c e s  
d u r in g  d r y in g  and l i t t l e  u s e f u l  i n f o r m a t io n  c o u ld  be d e r iv e d  from 
th e  m ic ro g ra p h s .
F r a c t i o n a t i o n  o f  A z o to b a c te r  c y s t s
The f i r s t  s u c c e s s f u l  i s o l a t i o n  o f  t h e  e x in e  component o f  
th e  c y s t  c o a t  was acc o m p lish e d  by  L in  and S a d o f f  (1969a). They 
t r e a t e d  c y s t s  w i th  3 mM EDTA i n  0 .0 5  M t r i s  (hyd roxym ethy l)  am ino- 
m ethane ( T r i s )  b u f f e r ,  e f f e c t i n g  r e l e a s e  o f  th e  c e n t r a l  body and 
s o l u b i l i z a t i o n  o f  th e  i n t i n e  com ponent. The e x in e  was i s o l a t e d  by 
d i f f e r e n t i a l  and d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  w h i le  i n t i n e  was 
r e c o v e re d  from  th e  EDTA s o l u t i o n  by  e th a n o l  p r e c i p i t a t i o n .  The 
e f f i c i e n c y  o f  r u p t u r e  and th e  p u r i t y  o f  th e  e x in e  p r e p a r a t i o n  was 
m o n ito red  by exam in ing  n e g a t iv e  s t a i n s  and ca rb o n  r e p l i c a s  i n  th e
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e l e c t r o n  m ic ro sco p e .  Many o f  th e  e x in e  m ic rog raphs  p r e s e n te d  
c o n ta in e d  PHB g r a n u le s ,  i n d i c a t i n g  p a r t i a l  l y s i s  o f  t h e  c e n t r a l  
body which would r e s u l t  i n  th e  p re s e n c e  o f  v a r io u s  c e l l u l a r  con­
ta m in a n ts  i n  th e  p resum ably  pu re  e x in e  and i n t i n e  p r e p a r a t i o n s .
Pope and Wyss (1970) a l s o  examined th e  o u t e r  l a y e r s  o f  c y s t s  
r u p tu r e d  w i th  EDTA. They r e p o r te d  th e  r e l e a s e  o f  a  hexag o n a l 
p l a t e - l i k e  s t r u c t u r e  which th e y  o b se rv ed  i n  n e g a t iv e  s t a i n s  o f  th e  
e x in e  m a t e r i a l .
W etegrove and Wyss (1974) r e p o r te d  t h a t  c e l l s  in c r e a s e d  in
d e n s i t y  a s  en cy s tm en t p ro ceed ed .  The d e n s i t y  o f  v e g e t a t i v e  c e l l s
3 3was 1.106 g/cm , w hereas  c y s t s  had a  d e n s i t y  o f  1.152 g/ctn . T h is
d i f f e r e n c e  was b e l i e v e d  to  be due t o  a l t e r a t i o n s  i n  ch em ica l
c o m p o s i t io n ,  th e  p r e s e n c e  o f  l e s s e r  amounts o f  bound w a te r  o r
in c r e a s e d  c a lc iu m  c o n t e n t  o f  th e  c y s t .
Chemical c o m p o s i t io n  s t u d i e s
S tu d ie s  o f  t h e  chem ica l co m p o s i t io n  o f  A z o to b a c te r  began 
w i th  i n v e s t i g a t i o n s  on th e  p o ly s a c c h a r id e s  o f  s l im e  and c a p s u le .
Cohen and Jo h n s to n e  (1964a , 1964b) i s o l a t e d  and p u r i f i e d  th e  s l im e  
and c a p s u le  o f  A z o to b a c te r  a g i l i s  and A z o to b a c te r  v i n e 1a n d i i  and 
found a d i f f e r e n c e  i n  co m p o s i t io n  betw een s p e c i e s .  They in d i c a te d  
t h a t  t h i s  d i f f e r e n c e  i n  chem ica l c o m p o s i t io n  p ro v id e d  f u r t h e r  
j u s t i f i c a t i o n  f o r  s e p a r a t e  s p e c ie s  s t a t u s  f o r  A z o to b a c te r  v i n e l a n d i i . 
They r e p o r te d  th e  p r e s e n c e  o f  g lu c o s e ,  rham nose, g a l a c t u r o n i c  a c i d ,  
and mannurcnolactone i n  A z o to b a c te r  v i n e l a n d i i . Claus (1965) 
r e p o r te d  a 2 -k e to -3  d e o x y g a la c to n ic  a c i d  component. D azzio  (1964)
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a l s o  s tu d ie d  t h e  c a p s u le  o f  A z o to b a c te r  v i n e l a n d i i  and r e p o r te d  
th e  p re s e n c e  o f  g lu c o s e ,  rhamnose, raannose and a  h e x u ro n ic  a c i d .
G orin  and Spencer (1965) r e p o r te d  A z o to b a c te r  v i n e l a n d i i  
c a p s u le  c o n ta in e d  mannuronic a c i d ,  gulurctdc a c i d ,  g lu c o s e ,  a r a b i n o s e ,  
r i b o s e  and rhamnose.
The l i p i d  co m p o s i t io n  o f  v e g e t a t i v e  c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  was r e p o r te d  by Marcus and K an esh iro  (1972).
L in  and S a d o f f  (1969b) presented s t u d i e s  on th e  chem ica l 
co m p o s i t io n  o f  v e g e t a t i v e  c e l l s  and c y s t s  o f  A z o to b a c te r  v i n e l a n d i i .
They a l s o  a n a ly z e d  th e  e x in e  and i n t i n e  f r a c t i o n s  o f  c y s t  c o a t  f o r  
t o t a l  c a r b o h y d r a t e ,  p r o t e i n ,  l i p i d ,  and a s h .  Amino a c i d  co m p o s i t io n  
o f  e x in e  i n d i c a t e d  a  predom inance o f  g l y c i n e ,  g lu ta m ic  a c i d ,  
a s p a r t i c  a c i d ,  and a l a n i n e  w ith  l e s s e r  amounts o f  tw e lv e  o t h e r  
amino a c i d s .  I n t i n e  and e x in e  f r a c t i o n s  were shown to  d i f f e r  i n  
a l l  components an a ly z e d  and th e s e  d i f f e r e n c e s  were th o u g h t  to  
r e f l e c t  un ique  f u n c t io n s  i n  th e  l i f e  c y c l e  o f  t h e  c y s t .
T h e o r ie s  o f  en cy s tm en t
The role of calcium
Wyss, e t  a l . (1962) proposed  th e  f i r s t  th e o ry  o f  c y s t  f o rm a t io n  
when th e y  su g g e s te d  t h a t  u n i t s  o f  p o ly s a c c h a r id e  w ere complexed by 
d i v a l e n t  c a t i o n s  to  form e x in e ,  w h ile  i n t i n e  c o n s i s t e d  o f  c a p s u la r  
p o ly s a c c h a r id e .  Eklund, e t  aJL. (1966) p ro v id e d  f u r t h e r  ev id en ce  
s u p p o r t in g  t h i s  concep t by showing t h a t  n o n -e n c a p s u la te d  m utan ts  
o r  c e l l s  t r e a t e d  w ith  phage c a p s u le  depo lym erase  f a i l e d  to  e n c y s t .
The th e o ry  t h a t  d i v a l e n t  c a t io n s  had a  r o l e  i n  m a in ta in in g  
th e  s t r u c t u r a l  i n t e g r i t y  o f  c e l l  w a l l  components r e c e iv e d  i n d i r e c t  s u p p o r t
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from A s b e l l  and Eagon (1966) when th e y  p roposed  t h a t  ca lc iu m  
was e s s e n t i a l  f o r  i n t e g r i t y  o f  c e l l  w a l l s  o f  pseudomona3s. The 
mechanism ap p ea red  to  in v o lv e  c o o r d in a t io n  o f  l i p o p o ly s a c c h a r id e  
(LPS) to  o t h e r  c e l l  w a l l  components by  io n i c  b o n d in g .
The p re se n c e  o f  a n  e q u i l i b r i u m  between c a lc iu m  in  th e  
env ironm en t and th e  amount o f  bound c a lc iu m  i n  c y s t  c o a t s  was 
s u g g e s te d  by Smith, e t  a l .  (1969). They r e p o r te d  t h a t  c a lc iu m  
c o u ld  be  removed from c y s t s  by r e p e a te d  washings i n  d i s t i l l e d  w a te r  
o r  by exchange w ith  o t h e r  c a t io n s .
Goldschm idt and Wyss (1968) s t u d i e d  th e  e f f e c t  o f  EDTA in  
rem oval o f  c a lc iu m  from c y s t  c o a ts  and concluded  t h a t  th e  e f f i c i e n c y  
o f  r u p tu r e  depended upon th e  m o l a r i t y  o f  the  r e a c t i o n  m ix tu re .
The p re s e n c e  o f  s a l t s  above a c o n c e n t r a t i o n  o f  0 .1 5  M NaCl o r  p h o sp h a te  
p re v e n te d  th e  c h e l a t i o n  e f f e c t  o f  EDTA. These a u t h o r s  s u g g e s t  t h a t  
t h e  h igh  s a l t  c o n te n t  o f  c y s t s  i s  a  p r e r e q u i s i t e  f o r  d e s i c c a t i o n  
r e s i s t a n c e  w hich e n a b le s  th e  o rgan ism  to  remain v i a b l e  in  s o i l  f o r  
e x ten d ed  p e r io d s  o f  t im e .
The most cogen t argum ent s u p p o r t in g  th e  r o l e  o f  c a lc iu m  in  
c o o r d in a t in g  A z o to b a c te r  c y s t  s t r u c t u r e s  was p r e s e n te d  by L a rse n  
and Haug (1 9 7 1 ) .  An i n c r e a s e  i n  c a lc iu m  c o n c e n t r a t i o n  o f  th e  
c u l t u r e  medium a f t e r  a l g i n a t e  components were p r e s e n t ,  r e s u l t e d  
i n  a change in  co m p o s i t io n  o f  th e  a l g i n a t e  which o c c u r re d  even  i f  
t h e  c e l l s  were removed by c e n t r i f u g a t i o n .  T h is  o b s e r v a t io n  
s u g g e s te d  th e  c u l t u r e  medium c o n ta in e d  an  enzyme c a p a b le  o f  e p im e r iz -  
i n g  D-mannuronic a c id  r e s i d u e s  to  L -g u lu ro n ic  a c i d  r e s id u e s  i n  th e  
p re s e n c e  o f  ca lc iu m . The s i g n i f i c a n c e  o f  t h i s  o c c u r re n c e  in  c y s t  
c o a t  fo rm a t io n  rem ains  t o  be  e l u c i d a t e d .
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A n o th e r  ap p ro a c h  to  t h e  r o l e  o f  c a lc iu m  i n  encys tm en t r e l a t e s  
t o  th e  s p e c i f i c  l o c a l i z a t i o n  o f  c a lc iu m  io n s  by  X -ray  p robe  
m i c r o a n a l y s i s .  S c h e r r e r  and G e rh a rd t  (1972) a t t e m p te d  th e  l o c a l i z a t i o n  
o f  c a lc iu m  i n  B a c i l l u s  s p o re s  b u t  found t h a t  c a lc iu m  was u n i f o r m ly  
d i s t r i b u t e d  th ro u g h o u t  th e  c o r t e x .
The r o l e  o f  l i p o p o ly s a c c h a r id e
The re m a in in g  th e o ry  o f  en cy s tm en t was p ro p o sed  by H i t c h in s  
and S ado ff  (1970) when th e y  s u g g e s te d  t h a t  th e  v e s i c l e s  o f  c e l l  w a l l  
o r i g i n  were c o o r d in a t e d  to  form  a  s i g n i f i c a n t  p a r t  o f  c y s t  c o a t  
s t r u c t u r e s .  B ecause  o f  th e  t r i l a m i n a r  s t r u c t u r e  o f  t h e  v e s i c l e s ,  
t h e y  s u g g e s te d  t h a t  e x in e  c o n ta in e d  a  l i p o p o l y s a c c h a r i d e  (LPS) 
component.
The LPS from  c e l l  w a l l s  o f  A z o to b a c te r  v i n e l a n d i i  was 
p h y s ico -ch e m ic a l ly  c h a r a c t e r i z e d  by O lin s  and  Warner (1967 ) .  They 
r e p o r t e d  t h a t  t h e  LPS c o n s i s t e d  o f  two p o l y d l s p e r s e  components 
and  t h a t  t r e a t m e n t  w i th  EDTA r e s u l t e d  i n  d i s s o c i a t i o n  to  s p e c i e s  o f  
low er  m o le c u la r  w e ig h t .  The LPS was found to  c o n t a i n  g lu c o s e ,  
r i b o s e ,  rham nose ,  hexosam ine and a 2 -k e to -3 -d e o x y  s u g a r .
L eive  (1965) r e p o r t e d  t h a t  t r e a tm e n t  o f  E s c h e r i c h i a  c o l i  
w i th  EDTA r e s u l t e d  i n  r e l e a s e  o f  50% o f  t h e  LPS from th e  c e l l  w a l l .  
T hus , i f  LPS i s  a  component o f  e x in e ,  r u p t u r e  cou ld  r e s u l t  from  
rem oval o f  s t r u c t u r a l  LPS from  c y s t  c o a t s  a s  w e l l  a s  c h e l a t i o n  o f  
c a lc iu m  io n s .
Knox, e t  a l .  (1966) r e p o r t e d  t h a t  l y s i n e - l i m i t e d  c u l t u r e s  o f  
E. c o l i  e x c r e t e d  f r e e  LPS i n t o  th e  c u l t u r e  medium r e s u l t i n g  i n  an  
i n c r e a s e  i n  v i s c o s i t y  n o t  u n l i k e  t h a t  o c c u r r i n g  when c u l t u r e s  o f  
A z o to b a c te r  w ere n e u t r a l i z e d  w i th  KOH o r  c u l t u r e d  by th e  s u p p le m e n ta l
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method o f  L in  and S a d o ff  (1 9 6 8 ) .  L y s i n e - l i m i t e d  grow th a p p a r e n t ly  
p ro d u c e s  e f f e c t s  s i m i l a r  to  th o s e  e n c o u n te re d  i n  u n b a lan ced  grow th 
o f  A z o to b a c te r  r e s u l t i n g  from th e  la g  i n  n i t r o g e n  f i x a t i o n  compared 
to  c a rb o n  a s s i m i l a t i o n .
S tu d ie s  o f  LPS have b een  g r e a t l y  f a c i l i t a t e d  b y  th e  developm ent 
o f  a c o l o r i m e t r i c  a s s a y  by Jan d a  and Work (1 9 7 1 ) .  These  i n v e s t i g a t o r s  
m o d if ie d  th e  c a r b o c y a n in  dye a s s a y  method o f  E dstrom  (1969) f o r  
q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  LPS e i t h e r  i n  p u r i f i e d  form o r  i n  
c u l t u r e  s u p e r n a t a n t s .  The f u r t h e r  m o d i f i c a t io n  o f  th e  a s s a y  by 
Zey and J a c k s o n  (1973) r e s u l t e d  i n  a  more s e n s i t i v e  and r e l i a b l e  
method f o r  q u a n t i t a t i o n  o f  LPS.
MATERIALS AND METHODS
Culture methods
Organism and c u l t u r e  media
The b a c te r iu m  A z o to b a c te r  v i n e l a n d i i . ATCC 12837, was the  
s u b j e c t  o f  t h i s  r e s e a r c h .  S to c k  c u l t u r e s  w ere  m a in ta in e d  in screw- 
capped tu b e s  upon B u r k 's  n i t r o g e n - f r e e  medium w ith  1% m a n n i to l  as 
th e  c a rb o n s o u rc e .  The c o m p o s i t io n  o f  th e  medium i s  p r e s e n te d  in  
T ab le  1 (S tev en so n ,  1967). O th e r  carbon s o u r c e s  in c lu d e d  n - b u ta n o l ,  
g lu c o s e  and BHB.
In o c u la  and in c u b a t io n
C u l tu r e s  to  be used a s  in o c u la  were produced  by s t r e a k i n g  
c e l l s  from a s to c k  c u l t u r e  o n to  th e  s u r f a c e  o f  B u rk 's  n i t r o g e n - f r e e  
medium w ith  1% g lu c o s e  a s  th e  ca rb o n  so u rce  and in c u b a t in g  th e  
p l a t e s  a t  32 C i n  a c a b in e t  i n c u b a to r  f o r  24 h . V e g e ta t iv e  c e l l s  
from th e s e  p l a t e s  were th en  in o c u la t e d  i n t o  50 ml a l i q u o t s  o f  B u rk 's  
n i t r o g e n - f r e e  l i q u i d  medium w i th  1 /i g lu c o se  a s  the  ca rb o n  s o u rce  
and in c u b a te d  a t  32 C i n  a r o t a r y  sh ak e r  a t  180 rpm f o r  18 h a t  
which tim e th e  c e l l s  were in  th e  l a t e  la g  p h a s e  o f  g row th . In o cu la  
f o r  a l l  e x p e r im e n ta l  c u l t u r e s  were produced i n  t h i s  m anner.
C yst p ro d u c t io n
C ysts  were r o u t i n e l y  produced  on th e  s u r f a c e  o f  B u rk 's  
n i t r o g e n - f r e e  l iq u id  medium w i th  0 . 2% n -b u ta n o l  as  th e  ca rb o n  so u rce  
o r  by a d d i t i o n  o f  0.67. powdered ca lc iu m  c a r b o n a te  to  th e  l i q u i d  medium 
w ith  1% g lu c o se  a s  th e  ca rbon  s o u rce  (S te v e n so n ,  1967).
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T ab le  1. C om posit ion  o f  a  m o d i f ie d  B u rk 's  n i t r o g e n - f r e e  s a l t s  s o l u t i o n .
Component Grams p e r  l i t e r  o f  
d i s t i l l e d  w a te r
kh2po4 0 .2
K2HP0 4 0 .8
MgS04-7H20 0 .2
CaCl2 ' 2H20 0.085
FeS04*7H20 0.005
Na2Mo0 4 *2H 0 0.0003
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Two a d d i t i o n a l  c u l t u r e  methods were u t i l i z e d  i n  a t t e m p t s  to  
confirm  t h e  r e s u l t s  o f  L in  and S ado ff  (1 9 6 8 ) .  C ysts  w ere induced by 
a " re p la c e m e n t"  method w hereby 18 h v e g e t a t i v e  c e l l s  grown i n  
l iq u id  c u l t u r e  w ith  1 % g lu c o s e  a s  th e  c a rb o n  so u rce  were c e n t r i f u g e d ,  
washed o n ce  i n  B urk 's  b u f f e r ,  and re su sp e n d e d  in  B u r k 's  medium w i th  
0.1% JB -hydroxybutyra te  a s  th e  carbon  s o u r c e .  Encystm ent was com ple te  
on the  f o u r t h  day a f t e r  r e p la c e m e n t .  The second method c o n s is te d  
o f  s u p p le m e n tin g  the  g lu c o s e - c o n ta i n in g  medium by th e  a d d i t i o n  o f  
0.1% BHB, r e s u l t i n g  i n  a b o r t i v e  en cy s tm en t.
Chemicals
G l u c o s t a t  r e a g e n t  was o b ta in e d  from  W orth ing ton  B iochem ica l 
C o rp o ra t io n ,  BHB from Sigma Chemical Company, and o r c i n o l  from 
Matheson, Coleman and B e l l .  The o r c i n o l  was r e c r y s t a l l i z e d  b e fo re  
use a c c o r d in g  to  the p ro c e d u re  o f  S c h n e id e r  (1957). DNA (sperm) 
was p ro v id e d  by Cal B io ch em ica ls  and RNA was pu rchased  from  G eneral 
B iochera ica ls  . The c a rb o c y a n in  dye, l - e t h y l - 2 -  3 - (1 - e th y ln a p h th o  
[ l , 2d ] - t h i a z o l i n - 2 - y l i d e n e ) - 2 -m e th y l-p ro p e n y l  naphtho  [ l , 2d3 
th ia z o l iu m  brom ide was p u rc h a se d  from Eastman Kodak Company. A l l  
o th e r  c h e m ic a l s  were r e a g e n t  g rad e  o b ta in e d  from com m ercia l so u rc e s .
General p ro c e d u re s
M easurement and c o n t r o l  o f  pH
The pH o f  c u l tu r e  m ed ia ,  b u f f e r s ,  and r e a g e n ts  was measured 
w ith  a C o m in g  e le c t r o d e  i n  c o n ju n c t io n  w i th  a Beckman Z erom atic  
pll m eter .  The pH o f  t r i s  b u f f e r  was a d j u s t e d  w ith  Beckman dua l 
probe e l e c t r o d e s .  C o n tro l  o f  pH in  c u l t u r e s  was acco m p lish ed  by
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a d d in g  measured amounts o f  1 M KOH, w hereas  th e  pH o f  r e a g e n t s  was 
a d j u s t e d  u s in g  a p p r o p r i a t e  i o n i c  s p e c i e s .
O p t i c a l  d e n s i t y  m easurem ents
The o p t i c a l  d e n s i t y  o f  c u l t u r e s  was d e te rm in e d  a t  600 nm 
w i th  a  Bausch and Lomb S p e c t ro n ic  20 c o lo r im e te r - s p e c t r o p h o to ra e te r .
A l l  o t h e r  s p e c t ro p h o to m e t r ic  measurem ents were accom plished  
u t i l i z i n g  a  Beckman DB s p e c t ro p h o to m e te r  equ ipped  w ith  a  UV power 
s u p p ly  and a  s t r i p - c h a r t  r e c o r d e r .
V i s c o s i t y  measurements
The v i s c o s i t y  o f  c u l t u r a l  s u p e r n a ta n t s  was de te rm ined  
u t i l i z i n g  a Cannon-Fenske #200 v is c o m e te r  i n  a w a te r  b a t h  a t  32 C. 
R e l a t i v e  v i s c o s i t i e s  were r e p o r t e d  a s  e f f l u x  t im e s  compared to  
d i s t i l l e d  w a te r .
V iab le  c o u n ts
Q u a n t i t a t i o n  o f  v i a b i l i t y  was accom plished  by  th e  c o n v e n t io n a l  
sm ear p l a t e  te c h n iq u e  u s in g  d i s t i l l e d  w a te r  d i l u t i o n  b la n k s .  Samples 
were p l a t e d  in  t r i p l i c a t e  and c o u n ts  were made a f t e r  i n c u b a t io n  f o r  
2 days  a t  32 C.
D e te rm in a t io n  o f  encys tm en t
The d eg ree  o f  encys tm en t was d e te rm in e d  by d i r e c t  c o u n ts  
o f  r e f r a c t i l e  b o d ie s  i n  wet mounts by phase  m ic ro sco p y . P e rc e n ta g e  
o f  encys tm en t was d e te rm in e d  a f t e r  c o u n t in g  200 c e l l s .  C u l tu r e s  
were r o u t i n e l y  examined i n  t h i s  manner a t  v a r io u s  t im e s  th ro u g h o u t  
th e  c o u rse  o f  th e  r e s e a r c h .
L y t ic  s u s c e p t i b i l i t y
The s u s c e p t i b i l i t y  o f  c y s t s  to  l y s i s  by  t r e a tm e n t  w ith  EDTA 
i n  t r i s  b u f f e r  was de te rm in ed  by  th e  method o f  S o co lo fsk y  and Wyss (1961).
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M o rp h o lo g ic a l  i n v e s t i g a t i o n
Scanning e l e c t r o n  m icroscopy
I n t a c t  c o l o n ie s  were p r e p a re d  f o r  scan n in g  e l e c t r o n  m ic ro sco p y  
(SEM) by s t r e a k i n g  p l a t e s  w i th  c e l l s  and in c u b a t in g  t h e  p l a t e s  f o r  
v a r i o u s  p e r io d s  o f  t im e .  B locks o f  a g a r  c o n t a in in g  2 -10  c o lo n ie s  
w ere c u t  from th e  p l a t e s  and im m e d ia te ly  passed  th ro u g h  an e th a n o l  
d e h y d r a t io n  s e r i e s  and i n f i l t r a t e d  w i th  a 1 :1  p r e p a r a t i o n  o f  amyl 
a c e t a t e - e t h a n o l  fo l lo w ed  by ex p o su re  t o  amyl a c e t a t e .  The d locks  
c o u ld  be s to r e d  i n  th e  amyl a c e t a t e  i n d e f i n i t e l y .  The b lo c k s  were 
p la c e d  in  th e  chamber o f  a D enton CPD-1 c r i t i c a l  p o i n t  d ry in g  
a p p a r a t u s ,  f lu s h e d  w i th  l i q u i d  CO2 f o r  10 min and p a s s e d  th rough  
t h e  c r i t i c a l  p o in t  a t  1065 p s i  by warming th e  cham ber to  55 C. The 
chamber was th e n  v e n te d  and th e  b lo c k s  were removed and s to r e d  i n  a  
d e s i c c a t o r  o v e r  NaOH.
Specimens w ere a t t a c h e d  t o  aluminum s tu b s  w i th  s i l v e r  a d h e s iv e  
0
and co a ted  w ith  200 A o f  gold  i n  a  vacuum e v a p o r a to r  equ ipped  w i th  
a r o t a r y  s t a g e .  The specimens w ere examined in  a  JOELCO scann ing  
e l e c t r o n  m icro scope  a t  an a c c e l e r a t i n g  p o t e n t i a l  o f  25 kV. P h o to g rap h s  
w ere made d i r e c t l y  from th e  c a th o d e  r a y  tube  on to  Kodak Tri-X  O rtho  
f i l m .
T ra n s m is s io n  e l e c t r o n  m ic ro sco p y  
N eg a t iv e  s t a i n s
N ega tive  s t a i n s  o f  l ip o p o ly s a c c h a r id e  m a t e r i a l  were p re p a re d  
by p la c in g  0 .3  ml o f  th e  p r e p a r a t i o n  a t  a c o n c e n t r a t i o n  o f  2 mg/ml i n t o  a 
tu b e  and adding one drop o f  2% p n o s p h o tu n g s t ic  a c i d ,  pH 7. The m ix tu r e  
was a l low ed  to  s ta n d  a t  room te m p e ra tu r e  fo r  30 min a f t e r  which tim e a
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drop  o f  th e  m ix tu re  was p la c e d  on. a  s u r f a c e  o f  d e n t a l  wax and a  300 
mesh c a rb o n -c o a te d  g r id  was i n v e r t e d  on t h e  drop  f o r  5 min. The g r i d  
was a l low ed  to  a i r  d ry  a t  room te m p e ra tu re  and was examined by 
t r a n s m is s io n  e l e c t r o n  m icroscopy  (TEM) i n  a  RCA EMD-3G e l e c t r o n  
m ic roscope  w i th  an a c c e l e r a t i n g  v o l t a g e  o f  50 kV.
T h in  s e c t i o n s
Specimens were f ix e d  i n  3.6% g lu t a r a ld e h y d e  f o r  1 h i n  an  
ic e  b a th  and p o s t - f i x e d  w i th  4% OsO^ f o r  3 h a t  room te m p e ra tu re .  
C aco d y la te  b u f f e r  (pH 7 . 4 ,  0 .15  M) was used i n  th e  p r e p a r a t i o n  o f  
th e  r e a g e n t s  and i n  a l l  su b se q u e n t  p r o c e d u re s .  Both f i x a t i o n  p ro c e d u re s  
were accom plished  i n  th e  p re s e n c e  o f  ru th en iu m  red  (1 .5  rag/ml). Samples 
were d e h y d ra te d  i n  e th a n o l  and embedded i n  S p u rr  r e s i n .  S e c t io n s  
were c u t  u s in g  an  LKB U lt ra to m e  w i th  a diamond k n i f e  and p o s t  s t a i n e d  
w ith  u r a n y l  a c e t a t e  fo l lo w ed  by le a d  c i t r a t e .  E xam ina tion  o f  th e  
samples was accom plished  i n  th e  e lectron  m ic ro sco p e  a t  an  a c c e l e r a t i n g  
p o t e n t i a l  o f  50 kV.
F r a c t i o n a t i o n  methods
P r e p a r a t i o n  o f  c y s t  c o a t  components 
Exine
L iq u id -g ro w n  c y s t s  were washed i n  B u rk 's  b u f f e r  and re su sp en d ed  
i n  3 raM EDTA i n  0 ,05  M T r i s ,  pH 8 .0 ,  t o  an  o p t i c a l  d e n s i t y  o f  0 . 8 .
The su sp e n s io n  was shaken  a t  32 C f o r  15 min and c e n t r i f u g e d  by th e  
method o f  L in  and S ad o ff  (1 9 6 9 a ) .
The f i n a l  p e l l e t  c o n ta in in g  c ru d e  e x in e  was re su sp en d ed  in  
5 ml o f  d i s t i l l e d  w a te r  and la y e re d  on  457„ s u c r o s e .  The d i s c o n t in u o u s  
g r a d i e n t s  were c e n t r i f u g e d  a t  12,000 rpm f o r  3 h .  The top  l a y e r  was
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removed and washed t h r e e  t im es  w i th  d i s t i l l e d  w a te r  to  remove th e  
s u c ro s e .  The p u r i f i e d  e x in e  was l y o p h i l i z e d  and s to r e d  i n  a d e s i c c a t o r  
o v e r  NaOH.
X ntine
The EDTA-soluble m a t e r i a l ,  d e r iv e d  from th e  i n t i n e  p o r t i o n  o f  
th e  c y s t  c o a t  by th e  method o f  L in  and  S ad o ff  (1 9 6 9 ) ,  was c o n c e n t r a te d  
f i v e - f o l d  by  f l a s h  e v a p o r a t io n  and p r e c i p i t a t e d  w i th  95% e th a n o l  
a c i d i f i e d  w i th  0.1% HC1. The p r e p a r a t i o n  was a l lo w ed  to  s tan d  
o v e rn ig h t  a t  4 C to  i n s u r e  f u l l e s t  r e c o v e ry .  The p r e c i p i t a t e  was 
c o l l e c t e d  by  c e n t r i f u g a t i o n ,  d i s s o lv e d  in  d i s t i l l e d  w a te r ,  r e p r e c i p i ­
t a t e d ,  and c o l l e c t e d  by f i l t r a t i o n .  The p r e c i p i t a t e  was d r i e d  and 
s to r e d  i n  a  vacuum d e s i c c a t o r  o v e r  f l a k e  NaOH.
C ap su le  and s l im e  e x t r a c t i o n s
C u l t u r a l  s l im e  and c a p s u le  f r a c t i o n s  w ere p re p a re d  from 
18 h v e g e t a t i v e  c e l l s  and 4 day m a tu re  c y s t s  by  th e  methods o f  
Cohen and Jo h n s to n e  (1964b) .  The i n d i v i d u a l  sam ples were h y d ro ly ze d  
w ith  0 .1  N HC1 i n  s e a l e d  e v ac u a ted  am pules a t  a  c o n c e n t r a t i o n  o f  
5 mg/ml by p l a c in g  t h e  am pules i n  an  oven a t  100 C f o r  48 h .  The HC1 
was removed by e v a p o r a t io n  i n  vacuum and th e  sam ples were s i l y l i z e d  
f o r  gas ch ro m a to g rap h ic  a n a l y s i s  o f  t h e  c a r b o h y d r a te s .
LPS e x t r a c t i o n
Aqueous p h en o l method
LPS was e x t r a c t e d  by th e  method o f  W es tp h a l ,  e t  a l .  (1952) 
from i n t a c t  c y s t s .  The c ru d e  LPS was d ia ly z e d  48 h  a g a i n s t  6 changes  
o f  10 iriM MgC^ and c o l l e c t e d  by c e n t r i f u g a t i o n  a t  105,000 x g f o r  
3 h . The c l e a r  j e l l y - l i k e  p e l l e t  was re su sp en d ed  i n  d i s t i l l e d  w a te r
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and t h e  260/280 nm r a t i o  was d e te rm in e d .  The c o n c e n t r a te d  LPS was 
t r e a t e d  w i th  RNAse, d ia ly z e d ,  and ly o p h i l i z e d .  P u r i f i e d  LPS was 
s to r e d  i n  a  d e s i c c a t o r  over NaOH.
EDTA method
LPS was e x t r a c t e d  from c y s t s  by the  method o f  L e iv e ,  e t  a l . 
(1 9 6 8 ) .  T h is  LPS f r a c t i o n  was s t o r e d  o v e r  NaOH. The EDTA-extracted 
c y s t s  w ere  then  s u b j e c t e d  to  th e  p h en o l  e x t r a c t i o n  p ro c e d u re  to  
remove any rem a in in g  LPS.
C h lo ro fo rm  method 
C u l tu r e  s u p e r n a t a n t s  were e x t r a c t e d  w i th  c h lo ro fo rm  by th e  
method o f  Knox, e t  a l .  (1966). T hese  e x t r a c t s  w ere t e s t e d  by th e  
c a rb o c y a n in  dye a s s a y  f o r  th e  p r e s e n c e  o f  LPS.
L ip id  A i s o l a t i o n  
L ip id  A was i s o l a t e d  a c c o rd in g  to  t h e  method o f  H a r t l e y ,  e t  
a l . (1 9 7 4 ) .  G la c i a l  a c e t i c  a c id  was added to  30 mg o f  p u r i f i e d  LPS 
in  aqueous  s o l u t i o n  t o  a  f i n a l  c o n c e n t r a t i o n  o f  YL and th e  s o l u t i o n  
was h e a t e d  a t  100 C f o r  90 min. The f l o c c u l a n t  p r e c i p i t a t e  formed 
c o n s i s t e d  o f  crude l i p i d  A which was re c o v e re d  by c e n t r i f u g a t i o n .
The c ru d e  l i p i d  A was d i s s o lv e d  i n  c h lo ro fo rm  and r e p r e c i p i t a t e d  
w ith  a c e to n e .  T h is  p u r i f i e d  l i p i d  A f r a c t i o n  was r e f lu x e d  i n  a 
m ix tu re  o f  4 .2  ml o f  m ethano l and 0 . 8  ml o f  c o n c e n t r a t e d  HC1 f o r  8 h .  
The m ix tu re  was c o o le d  and e x t r a c t e d  w i th  p e t ro le u m  e t h e r  t o  s o l u b i l i z e  
th e  f a t t y  a c id  com ponents .  The p e t ro le u m  e t h e r  e x t r a c t  c o n ta in e d  
f a t t y  a c i d  methyl e s t e r s  and was d e s ig n a t e d  f r a c t i o n  I .  The e t h e r -  
i n s o l u b l e  m a te r i a l  c o n ta in e d  d e a c y la t e d  l i p i d  A and was d e s ig n a te d  
f r a c t i o n  I I .
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A n a l y t i c a l  methods
H y d ro ly t ic  methods
H y d ro ly s is  o f  th e  sam ples under i n v e s t i g a t i o n  was a c c o m p lish e d  
by p l a c in g  4  mg sam ples i n  am pules w ith  2 ml o f  v a r io u s  c o n c e n t r a ­
t i o n s  o f  h y d r o c h lo r i c  a c i d .  The ampules were t h e n  se a le d  under  
vacuum and h y d ro ly z e d  a c c o rd in g  t o  t h e  s c h e d u le  p re s e n te d  i n  T a b le  2 .  
The ampules were th e n  opened and e v a p o ra te d  t o  d ry n e ss  under vacuum 
o v e r  f l a k e s  o f  NaOH i n  t h e  p r e s e n c e  o f  s u l f u r i c  a c i d .  Samples w ere  
r e d i s s o lv e d  i n  2 ml o f  d i s t i l l e d  w a te r  and r e e v a p o ra te d  to  d ry n e s s  
two t im e s  a f t e r  w h ich  th e y  w ere s t o r e d  i n  a  d e s i c c a t o r  under vacuum.
P ap e r  chrom atography
D ried  h y d ro ly z e d  samples w ere  r e d i s s o lv e d  i n  1 ml o f  d i s t i l l e d  
w a te r  and 10 u l  was a p p l ie d  t o  s h e e t s  o f  Whatman #1 chrom atography 
p a p e r .  A scending  ch rom atography  was c a r r i e d  o u t  u s in g  th e  fo l lo w in g  
s o lv e n t  system s; n - b u ta n o l ,  p y r i d i n e ,  w a te r  ( 6 : 4 : 3 ) ;  i s o p ro p a n o l ,  
p y r i d i n e ,  a c e t i c  a c i d ,  w a te r  ( 5 : 5 : 3 : 1 ) ;  and n - b u ta n o l ,  a c e t i c  a c i d ,  
w a te r  ( 5 0 :1 5 :3 5 ) .  S ugars  were l o c a l i z e d  by s p r a y in g  th e  ch ro m a to g rap h s  
w i th  n in h y d r in ,  a n i l i n e  p h t h l a t e ,  a n i s i d i n e ,  pheny lened iam ine  
(Putman, 1957) o r  t h i o b a r b i t u r i c  a c i d  (W arren, 1956 ) .  A d d i t io n a l  
chromatograms w ere developed  by th e  s i l v e r  n i t r a t e  d ip  method o f  
H orrochs  and Manning (1949).
C o lo r im e t r i c  methods
G lu c o s ta t  r e a g e n t  was u t i l i z e d  f o r  th e  d e t e r m in a t io n  o f  
g lu c o s e .  P r o t e i n  was d e te rm in e d  by  th e  method o f  Lowry, e t  a l .
(1951) o r  by ab so rb a n c e  a t  280 nm. O rc in o l  and d iphenylam ine r e a g e n t s  
w ere  employed f o r  t h e  measurement o f  RNAand DNA, r e s p e c t iv e l y
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T ab le  2. C o n d i t io n s  o f  h y d r o l y s i s  o f  c y s t  c o a t  f r a c t i o n s  a t  100 C.
A cid C o n c e n t r a t io n ,
normal
Time,
h o u rs
Reducing 
e q u i v a l e n t s ,  
mg g lu c o s e /  
ml
HC1 0.1 4 32
6 28
0.5 14 80
16 62
1.0 1 0
2 60
3 45
4 20
4 .0 4 48
6 66
6.0 4 10
8 22
12 34
16 47
20 56
24 68
H2so4 1.0 8 0
2.0 4 1
6 4
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( S c h n e id e r ,  1957 ) .  T o t a l  hexose  was m easured  by t h e  p h e n o l - s u l f u r i c  
a c i d  method o f  D u b o is ,  e t  a l .  (A sh w e l l ,  1966) w i th  g lu c o s e  a s  th e  
s t a n d a r d .  Hexosamine was e s t i m a t e d  by a  m o d i f i c a t i o n  o f  t h e  E ls o n -  
Morgan p ro c e d u re  (D av id so n ,  1 9 6 6 ) .  H ep to se  and m e th y l  p e n to s e  
w ere d e te rm in e d  u s in g  t h e  D isc h a  r e a c t i o n s  w i th  s t a n d a r d s  o f  
s e d o h e p tu lo s e  and rham nose , r e s p e c t i v e l y .  2 -K e to -3 -d e o x y  su g a r  
d e t e r m i n a t i o n  was a cc o m p lish e d  w i th  th e  2 - t h i o b a r b i t u r i c  a c i d  r e a g e n t  
i n  a t t e m p t s  to  i d e n t i f y  th e  2 - k e to - 3 - d e o x y o c tu l a s o n i c  a c i d  (KDO) 
component c h a r a c t e r i s t i c  o f  LPS o f  o t h e r  o rg a n is m s .  No a u t h e n t i c  
KDO was a v a i l a b l e  f o r  co m p ar iso n .  Reducing  power o f  h y d r o l y s a t e s  
was d e te rm in e d  by t h e  N elson-Som ogyi r e a g e n t  w i th  g lu c o s e  as  th e  
s t a n d a r d .
C a rb o c y a n in  dye a s s a y
LPS was i d e n t i f i e d  q u a l i t a t i v e l y  and s e m i - q u a n i t a t i v e l y  
by a m o d i f i c a t i o n  o f  t h e  c a rb o c y a n in  dye method o f  E ds trom . The 
dye r e a g e n t  was p r e p a r e d  a c c o r d in g  to  th e  method o f  Zey and J a c k s o n  
(1 9 7 3 ) .  The dye s o l u t i o n  was c l e a r  w i th  a  deep  m agenta  c o l o r  and 
was s t a b l e  a t  4 C f o r  8  h .  The dye was p r e p a re d  f o r  u s e  by add ing  
0 .5  ml o f  0 .0 1  M a s c o r b i c  a c i d  t o  a  25 ml a l i q u o t  o f  t h e  r e a g e n t .
This  dye r e a g e n t  was u n s t a b l e  and had to  be u sed  w i t h i n  one hou r  
a f t e r  a d d i t i o n  o f  t h e  a s c o r b i c  a c i d .  F o r  p e r fo rm a n c e  o f  th e  a s s a y ,  
a  q u a n t i t y  o f  1 ml o f  th e  sam ple u n d e r  t e s t  was added  t o  0 .1 4  ml 
a c e t a t e  b u f f e r  and mixed w e l l .  S u b s e q u e n t ly ,  0 .6  ml o f  t h e  dye 
r e a g e n t  was added and a l lo w ed  t o  r e a c t  10  m in  a t  room te m p e ra tu r e  
a f t e r  w hich  t h e  o p t i c a l  d e n s i t y  was re a d  a g a i n s t  a  dye  b la n k  a t  
472 run.
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Gas ch rom atography
The samples t o  b e  ana lyzed  by gas  chrom atography  w ere h y d ro ly ze d  
in  s e a l e d ,  evacua ted  am pules a t  a  c o n c e n t r a t i o n  o f  5 mg/ml i n  0 .1  N 
HCl a t  100 C f o r  48 h .  The am pules were c o o le d ,  opened and t r a n s ­
f e r r e d  t o  2 dram p l a s t i c - s t o p p e r e d  v i a l s  f o r  e v a p o r a t io n  o f  t h e  HCl 
in  a vacuum d e s i c c a t o r  o v e r  f l a k e d  NaOH in  th e  p re s e n c e  o f  I^SO^.
A f t e r  t h e  samples had been  e v a p o ra te d  to  d r y n e s s ,  2 ml o f  d i s t i l l e d  
w a te r  w as added and t h e  samples w ere  r e e v a p o ra te d  to  d ry n e s s .
S ta n d a rd s  w ere  p re p a re d  by w e igh ing  5 mg amounts and p l a c i n g  
them i n  2 dram v i a l s .
T r im e th y ls i ly le  (TMS) d e r i v a t i v e s  were p r e p a r e d  by a d d in g  1 ml 
o f  C a t a l y s t - S o l v e n t  M ix tu re  ( P i e r c e  Chemical C o .)  to  th e  10 mg 
sam ples and the  5 mg s t a n d a r d s .  T hese  m ix tu re s  w ere  shaken  v ig o r o u s ly  
fo r  30 s e c  and a l lo w e d  t o  s tand  5 min p r i o r  t o  i n j e c t i o n  i n t o  th e  
gas ch ro m a to g rap h y . S i l y l i z e d  sam ples  were s t a b l e  f o r  one week when 
s to r e d  a t  4 C.
A n a ly s i s  o f  s i l y l i z e d  c a rb o h y d ra te s  was accom plished  u s in g  a  
P e rk in -E lm e r  990 gas  ch rom atography  w i th  a f lam e i o n i z a t i o n  d e t e c t o r  
u t i l i z i n g  a  1.83 m by  0 .3 2  cm s p i r a l  column packed  w ith  3% OV-101 
on Chrom absorb Q. The c a r r i e r  g as  was hydrogen used  a t  a f lo w  r a t e  o f  
2.5  1 /m in .  The i n j e c t o r  p o r t  and t h e  d e t e c t o r  w ere o p e ra te d  a t  300 C. 
Programmed runs were accom plished  by  i n j e c t i n g  th e  sample u n d e r  t e s t ,  
a l lo w in g  a  1 min d e l a y ,  and i n c r e a s i n g  the  oven te m p e ra tu re  a t  a  r a t e  
o f  12 C /m in  from an  i n i t i a l  t e m p e ra tu r e  o f  160 C to  a  f i n a l  te m p e ra tu re  
o f  250 C. The d e t e c t o r  range  was s e t  a t  X10 w i th  a t t e n t u a t i o n  s e t t i n g s  
of X8 , X16, X32 o r  X64. Data were re c o rd e d  u s in g  a  S argen t-W elch
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s t r i p  c h a r t  r e c o r d e r  o p e r a t i n g  a t  a speed o f  0 .5  in /m in .  R e te n t io n  
tim es  and peak  a r e a s  were d e te rm in e d  from th e  c h a r t s  f o r  q u a l i t a t i v e  
and q u a n t i t a t i v e  e v a l u a t i o n ,  r e s p e c t i v e l y .
Amino a c id  a n a l y s i s
Samples a t  a  c o n c e n t r a t i o n  o f  5 mg/ml were p re p a re d  a s  i n d i c a t e d  
in  th e  s e c t i o n  H y d ro ly t ic  Methods u s in g  2 ml o f  c o n s ta n t  b o i l i n g  6 N HCl 
a t  100 C f o r  24 , 48 , o r  72 h . D r ie d  samples were d i s s o lv e d  i n  2 ml o f
0 .2  M c i t r a t e  b u f f e r ,  pH 2 . 2 ,  and a volume o f  0 .6  ml was chrom atographed  
on a Beckman Spinco model 120 C amino a c id  a n a ly z e r  a c c o rd in g  to  th e  
methods o f  Spackman, j^t a l . (19 5 8 ) .
X - ra y  probe a n a l y s i s
C e l l s  o r  c y s t s  were washed t h r e e  t im es  w i th  d i s t i l l e d  w a te r
and d i l u t e d  to  an  o p t i c a l  d e n s i t y  o f  0 .8  a t  600 nm. One lo o p f u l  o f
th e  s u s p e n s io n  was p la c e d  on an  aluminum s tu b ,  h e a t  f i x e d ,  and c o a te d  
o
w ith  20 A o f  ca rb o n  i n  a  D enton vacuum e v a p o r a t io n  u n i t  equ ipped  w ith  
a r o t a r y  s t a g e .  P re p a re d  s tu b s  were p la c e d  in  a JEOLCO scan n in g  
e l e c t r o n  m ic roscope  equ ipped  w ith  a  l i t h i u m - s i l i c o n  d e t e c t o r .  The 
specim en was scanned i n  th e  image mode to  l o c a t e  a d e s i r a b l e  f i e l d  
c o n t a in in g  w e l l - i s o l a t e d  o rg an ism s .  The a r e a  o f  c h o ic e  was pho tographed  
and th e  in s t r u m e n t  was t r a n s f e r r e d  t o  th e  X -ray  mode f o r  c a lc iu m  
a n a l y s i s .
G ly c e r o l  d e n s i t y  g r a d i e n t s
L in e a r  g ly c e r o l  d e n s i t y  g r a d i e n t s  (8-33%) were p re p a re d  in  
3 ml n i t r o c e l l u l o s e  tu b e s  and la y e r e d  w ith  0 .1  ml o f  e i t h e r  sample 
o r  s t a n d a r d .  P r o t e i n  s ta n d a rd s  in c lu d e d  a l d o l a s e ,  hem oglob in , 
c a t a l a s e ,  ch ym otryps inogen  A, and ovalbum in . The p re p a re d  g r a d i e n t s
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were c e n t r i f u g e d  i n  a  Beckman Sp inco  Model-L p r e p a r a t i v e  u l t r a ­
c e n t r i f u g e  a t  39 ,000  rpm f o r  6  h a t  4 C. F r a c t i o n s  o f  0 .5  ml volume 
were c o l l e c t e d  u s in g  a  B u c h le r  a u to m a t ic  f r a c t i o n  c o l l e c t o r  by 
p u n c tu r in g  t h e  bottom  o f  th e  tu b e s  w i th  a  d e v ic e  a l lo w in g  minimum 
d i s tu r b a n c e  o f  th e  sam ple . P r o t e i n  s ta n d a rd s  w ere  lo c a te d  by 
measurement o f  a b s o rb a n c e  a t  280 nm w h i le  IPS was lo c a te d  by th e  
c a rb o c y a n in  dye a s s a y  m ethod.
Gel e l e c t r o p h o r e s i s
Sodium d o d ecy l s u l f a t e  (SDS) g e l  e l e c t r o p h o r e s i s  was accom plished  
a c c o rd in g  to  th e  method o f  Weber and Osborn (1 9 6 9 ) .  P r o t e i n  bands
were l o c a t e d  by th e  method o f  Chrombach, e t  a l  (1967) and c a rb o ­
h y d r a te  bands were l o c a t e d  by  th e  method o f  W ardi and Michos (1972) .
M o b i l i t i e s  were d e te rm in e d  by th e  fo rm ula :
M o b i l i t y  = d i s t a n c e  o f  p r o t e i n  m ig ra t io n  x  le n g th  b e f o r e  s t a i n i n g  
l e n g th  a f t e r  d e s t a i n i n g  d i s t a n c e  o f  dye migration
M o b i l i t i e s  were p l o t t e d  a g a i n s t  known m o le c u la r  w e igh t  s ta n d a r d s
on a  s e m i - lo g r i th m ic  s c a l e .  S ta n d a rd s  were a l d o l a s e ,  r ib o n u c le a s e -A ,
chym otrypsinogen-A , and ovalbum in .
RESULTS
T h is  i n v e s t i g a t i o n  was conducted  i n  f o u r  p a r t s :  (1) developm ent
and c h a r a c t e r i z a t i o n  o f  a  s u i t a b l e  c u l t u r e  method f o r  p r o d u c t io n  o f  
th e  l a r g e  volumes o f  c y s t s  r e q u i r e d  f o r  ch em ica l  s t u d i e s ;  (2 ) d e f i n i t i v e  
e x a m in a t io n  o f  the  m orphogenesis  o f  c e l l s  d u r in g  encys tm en t by SEM and 
TEM; (3) f r a c t i o n a t i o n  o f  c y s t s  in to  t h e i r  v a r io u s  com ponents; and 
(4) p a r t i a l  chemical a n a l y s i s  o f  the  c y s t  c o a t  f r a c t i o n s .
C u ltu re  methods
B ecause  o f  th e  d i v e r g e n t  views o f  S te v e n so n  and S o co lo fsk y  
(1972) and  L in  and S a d o ff  (1968) r e g a rd in g  th e  a b i l i t y  o f  A z o to b a c te r  
to  e n c y s t  i n  th e  p re s e n c e  o f  g lu c o s e ,  i t  was n e c e s s a r y  f o r  co m p ara tiv e  
pu rposes  t o  reexamine th e  c u l t u r e  methods u t i l i z e d  by th e s e  i n v e s t i ­
g a to rs  f o r  p ro d u c t io n  o f  c y s t s .  The c u l t u r a l  c o n d i t io n s  s e l e c t e d  f o r  
e v a l u a t i o n  in c lu d ed :
1. B u rk 's  medium w i th  1 % g lu c o se .
2 .  B u rk 's  medium w i th  1% g lu c o s e ,  p e r i o d i c a l l y  n e u t r a l i z e d
w ith  1 N KOH.
3 .  B u rk 's  medium w i th  1% g lu c o se  and  0.6% powdered CaCO^.
4 .  B u rk 's  medium w i th  1% g lu co se  and 0.6% CaCOo in  a d i a l y s i s
bag .
5 .  B u rk 's  medium w i th  1% g lu c o se ,  0.1% BHB added a t  18 h o f  
grow th ( s u p p le m e n te d ) .
6 . B u rk 's  medium w i th  1% g lu c o s e ,  t r a n s f e r r e d  to  0.1% BHB 
c o n ta in in g  medium a t  18 h ( r e p la c e m e n t ) .
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A t im e  c o u rs e  s t u d y  o f  th e  pH o f  t h e s e  c u l t u r e s  i s  p r e s e n te d  i n  
F ig u r e  1. The pH o f  t h e  c o n t r o l  c u l t u r e  c o n t a in in g  1% g lu c o s e  reac h ed  
a  minimum o f  5 .2  a f t e r  3 d ay s  o f  g row th .  When c u l t u r e s  w ere  a d j u s t e d  
to  th e  i n i t i a l  pH by a d d i t i o n  o f  KOH, t h e y  r a p i d l y  r e t u r n e d  to  t h e  
low er pH t y p i c a l  o f  t h e  c o n t r o l  c u l t u r e .  The pH o f  t h e s e  c u l t u r e s  
rem ained  i n  t h e  n e u t r a l  r a n g e  on ly  a f t e r  t h e  t h i r d  d a i l y  a d d i t i o n  o f  
KOH. C u l t u r e s  su p p lem en ted  w ith  0.1% BHB a t  18 h r e a c h e d  and m a in ta in e d  
a minimum pH o f  5 .3  on  t h e  second day o f  g ro w th .  I n  t h e  c u l t u r e s  
grown i n  t h e  p re s e n c e  o f  CaCOg in  th e  d i a l y s i s  bag , t h e  pH d e c l in e d  
i n i t i a l l y  b u t  s t a b i l i z e d  a t  6 .9  on t h e  seco n d  day o f  g ro w th  and 
g r a d u a l l y  i n c r e a s e d  t o  a  pH o f  7 .4  on t h e  f o u r t h  day o f  g ro w th .  The 
pH o f  t h e s e  c u l t u r e s  d e c r e a s e d  s l i g h t l y  t o  7 .2  by th e  s i x t h  day  o f  
g row th . C u l t u r e s  p ro d u ced  by re p la c e m e n t  o f  th e  g lu c o s e - c o n t a i n i n g  
medium w i th  B H B -con ta in ing  medium underw en t an  i n i t i a l  d e c l i n e  i n  pH to  
6 . 8 , a f t e r  w hich  th e  pH g r a d u a l l y  r e a c h e d  a  maximum o f  7 .7  on th e  f i f t h  
d a y  o f  g ro w th .  C u l t u r e s  produced  i n  1% g lu c o s e  w ith  0.6% CaCOg u n d e r ­
w ent a  s i m i l a r  i n i t i a l  d e c r e a s e  i n  pH, f o l lo w e d  by an  i n c r e a s e  to  pH 
7 .9  by th e  f o u r t h  day  o f  g row th .
D e c re a s e s  i n  pH o f  t h e  c u l t u r e  medium a r e  a t t r i b u t e d  to  the  
p r o d u c t i o n  o f  a c i d  p o ly s a c c h a r id e s  (Cohen and J o h n s to n e ,  1963),  As 
th e  pH o f  t h e  c u l t u r e s  d e c r e a s e d ,  th e  v i s c o s i t y  o f  c u l t u r a l  s u p e r ­
n a t a n t s  i n c r e a s e d .  The v i s c o s i t i e s  o f  t h e  s u p e r n a t a n t s ,  w hich f a l l  
i n t o  t h r e e  g ro u p s ,  a r e  p r e s e n t e d  in  F ig u r e  2 .  The f i r s t  g roup  
c o n s i s t s  o f  s u p e r n a t a n t s  from  rep la cem e n t and  CaCO^ c u l t u r e s .  In  
b o th  c a s e s ,  m inim al v i s c o s i t y  in c r e a s e s  w ere  no ted  th r o u g h  6 days o f  
g row th . The second g ro u p ,  c o n s i s t i n g  o f  c u l t u r e s  p ro d u c e d  w ith  
CaCO^ i n  a  d i a l y s i s  b a g ,  and  c o n t ro l  c u l t u r e s  re a c h e d  a
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F ig .  1. pH o f  c u l t u r e s  o f  A z o to b a c te r  v i n e l a n d i i  p ro d u ced  by v a r i o u s  
c u l t u r a l  m ethods .  Symbols: 0  , c u l t u r e  b u f f e r e d  by a d d i t i o n  
o f  f r e e  CaCC^; ■  a c u l t u r e  b u f f e r e d  by u se  o f  CaCO^ in  a 
d i a l y s i s  bag; A » c o n t r o l  c u l t u r e ;  O ,  BH B-replacem ent c u l t u r e ;  
d j  BHB-supplemented c u l t u r e ;  A ,  K O H -n eu tra l ize d  c u l t u r e .
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F i g .  2 V i s c o s i t y  o f  s u p e r n a t a n t s  from c u l t u r e s  o f  A z o to b a c te r  
v i n e l a n d i i  p roduced by v a r io u s  c u l t u r a l  m ethods, Symbols: 
^ , BHB-replacement c u l t u r e ;  M  , c u l t u r e  b u f f e r e d  by use 
o f  CaCOg i n  a d i a l y s i s  b ag ;  A ,  K O H -neu tra lized  c u l t u r e ;  
O ,  c o n t r o l  c u l t u r e ;  D ,  c u l t u r e  b u f f e r e d  by a d d i t i o n  o f  
f r e e  CaCOg.
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m odera te  v i s c o s i t y .  The KOH-neutralized c u l t u r e  and the su p p lem en ta l  culture 
com prise  th e  t h i r d  g ro u p .  Both o f  th e s e  c u l t u r e s  a c h ie v e  h ig h  v i s c o s ­
i t i e s .  The d a t a  from supplem ented  c u l t u r e s  i s  n o t  in c lu d e d  in  
F ig u re  2 b e c a u se  t h e  e f f l u x  tim e a f t e r  1 day  o f  growth was s e v e r a l  
h o u r s .  These c u l t u r e s  u s u a l l y  g e l l e d  when r e f r i g e r a t e d  a t  4  C a f t e r  
6 days  o f  grow th .
C e l l s  p roduced  by th e s e  c u l t u r e  methods were h a rv e s te d  by 
c e n t r i f u g a t i o n  and re su sp en d ed  i n  T r i s  b u f f e r ,  pH 8 , f o r  d e t e r m in a t io n  
o f  l y t i c  s u s c e p t i b i l i t y  a s  a c r i t e r i o n  o f  en cy s tm en t.  S e n s i t i v i t i e s  
t o  EDTA a r e  p r e s e n te d  i n  F ig u re  3 .  N onencys ting  c e l l s  from th e  c o n t r o l  
c u l t u r e  e x h i b i t e d  no s e n s i t i v i t y  t o  EDTA. S upp lem en ta l and KOH- 
n e u t r a l i z e d  c u l t u r e s  were n o t  examined becau se  phase  m ic ro sco p ic  
a n a l y s i s  i n d i c a t e d  com ple te  ab sen ce  o f  r e f r a c t i l e  b o d ie s  c o r re s p o n d in g  
to  m ature  c y s t s .  C ys ts  produced i n  th e  p re s e n c e  o f  CaCO^ i n  a d i a l y s i s  
bag were m o d e ra te ly  s e n s i t i v e  to  EDTA w h ile  c y s t s  produced by r e p l a c e ­
ment o r  by th e  a d d i t i o n  o f  f r e e  CaCOg to  th e  medium were m arkedly  
s e n s i t i v e  to  EDTA, i n d i c a t i n g  r u p t u r e  o f  th e  e x in e  w ith  r e l e a s e  o f  
th e  c e n t r a l  body.
The e f f i c i e n c y  o f  en cy s tm en t compared t o  th e  amount o f  e th a n o l  
p r e c i p i t a b l e  p o l y s a c c h a r i d e  p r e s e n t  i n  th e  c u l t u r e  s u p e r n a ta n t  i s  
p r e s e n te d  i n  F ig u re  4 . G e n e ra l ly ,  when th e  p e rc e n ta g e  o f  encystm ent 
i s  h ig h ,  th e  amount o f  p o ly s a c c h a r id e  i n  th e  c u l t u r e  s u p e r n a ta n t  
rem ains low. Only c u l t u r e s  p roduced  by rep la c e m e n t  o r  by in c o r p o r a t i o n  
o f  f r e e  CaCO^ i n t o  t h e  c u l t u r e  medium e n c y s t  e f f i c i e n t l y .
The ex trem e in c r e a s e s  i n  v i s c o s i t y  o c c u r r i n g  when c u l t u r e s  
were supplemented w i th  BHB prompted f u r t h e r  i n v e s t i g a t i o n  o f  th e s e  
c u l t u r e s .  Phase m ic ro s c o p ic  o b s e r v a t io n s  i n d i c a t e d  t h a t  t h e  c e l l s
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F ig .  3 .  L y t ic  s u s c e p t i b i l i t y  o f  c y s t s  p roduced  by v a r io u s  c u l t u r a l  
m ethods. Symbols: 9 ,  c u l t u r e  b u f f e r e d  by a d d i t i o n  o f  f r e e  
CaCOg; H ,  BHB-replacement c u l t u r e ;  A ,  c o n t r o l  c u l t u r e ;
O ,  c u l t u r e  b u f f e r e d  by use o f  CaCO^ in  a d i a l y s i s  bag .
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F i g .  4 .  E f f i c i e n c y  o f  encys tm en t o f  A z o to b a c te r  v i n e l a n d i i  produced  
by v a r i o u s  c u l t u r a l  methods a s  r e l a t e d  to  th e  amount o f  
e t h a n o l  p r e c i p i t a b l e  m a t e r i a l  i n  t h e  c u l t u r e  s u p e r n a t a n t s .  
Symbols: I I, p e r c e n t  e n c y s t m e n t m g / l O m l  o f  e th a n o l  
p r e c i p i t a b l e  m a t e r i a l ;  C, c o n t r o l  c u l t u r e ;  K, K O H -neu tra lized  
c u l t u r e ;  S, BHB-supplemented c u l t u r e ;  B, c u l t u r e  b u f f e r e d  
by u se  o f  CaCOg i n  a  d i a l y s i s  bag ; R, BHB-replacement 
c u l t u r e ;  P , c u l t u r e  b u f f e r e d  by a d d i t i o n  o f  f r e e  CaCO^.
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had rounded-up  and accum ula ted  l a r g e  q u a n t i t i e s  o f  PHB, b u t  no c y s t  
c o a t  s t r u c t u r e s  were e v i d e n t .  L o o s e ly - a s s o c i a te d  f i b r o u s  e lem en ts  
re se m b lin g  ex ine  w ere e v id e n t  i n  a  f r e e  form th ro u g h o u t  th e  p r e p a r a t i o n .
E le c t r o n  m ic ro s c o p ic  o b s e r v a t io n s  o f  th e s e  c u l t u r e s  confirm ed  
th e  r e s u l t s  o f  p h ase  m icro scopy  c o n c e rn in g  th e  a c c u m u la t io n  o f  PHB 
by th e s e  c e l l s  (F ig u re  5A ). The c e l l s  w ere su rrounded  by a  g e l - l i k e  
s t r u c t u r e  c o n t a in in g  numerous s p h e r i c a l  v e s i c l e s .  T h is  o u t e r  s t r u c t u r e  
ap p ea red  s i m i l a r  t o  th e  e x in e  o f  f r a g i l e  c y s t s  r e p o r te d  by V ela  and 
C agle (19 6 9 ) .  F re e  e x i n e - l i k e  components from  th e s e  c u l t u r e s  appea red  
as  l o o s e l y - a s s o c i a t e d  f ib r o u s  a g g r e g a t e s ,  somewhat more e l e c t r o n  
d en se  th a n  th e  s u r ro u n d in g  c a p s u l a r  p o ly s a c c h a r id e  (F ig u re  5B).
V e s i c l e s  ap p ea red  th ro u g h o u t  t h i s  s t r u c t u r e  and f r e e  i n  th e  s u r ro u n d in g  
a r e a s .
The c u l t u r e  s u p e r n a ta n t s  from BHB-supplemented c u l t u r e s  a f t e r  
f o u r  days o f  growth were d iv id e d  i n t o  100  ml a l i q u o t s  and . p r e c i p i t a t e d  
by th e  methods p r e s e n te d  i n  F ig u r e  6 . The v a r io u s  amounts o f  p r e ­
c i p i t a t e d  m a t e r i a l s  produced  by exposure  to  th e  d i f f e r e n t  methods 
a r e  th o u g h t  to  r e p r e s e n t  s e l e c t i v e  p r e c i p i t a t i o n  o f  p r o t e i n ,  p o ly ­
s a c c h a r id e  a n d /o r  LPS. The p roposed  co m p o s i t io n  o f  th e s e  f r a c t i o n s  
i s  p r e s e n te d  i n  T a b le  3 .  The ex trem e in c r e a s e  i n  v i s c o s i t y  o f  th e  
c u l t u r e  s u p e r n a ta n t s  i s  a p p a r e n t ly  th e  r e s u l t  o f  e x c r e t i o n  o f  a  
LPS-LP complex which i n  t u r n  com plexes w i th  th e  c a p s u l a r  p o ly s a c c h a r id e  
n o rm a l ly  p r e s e n t .  S in c e  C aC ^  r e a d i l y  p r e c i p i t a t e s  th e  t o t a l  com plex, 
th e  ab sen ce  o f  s u f f i c i e n t  c a lc iu m  i n  th e  c u l t u r e  medium e n a b le s  th e  
complex t o  rem ain  i n  a  s o lu b le  form.
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F ig .  5 .  E l e c t r o n  m icrog raphs  o f  t h i n  s e c t i o n s  o f  A z o to b a c te r
v i n e 1a n d i i  p re p a re d  from BHB-supplemented c u l t u r e s .  A.
C e n t r a l  body o f  c e l l  u n d erg o in g  a b o r t i v e  encystm ent su rrounded  
by in c o m p le te  f ragm en ts  o f  e x in e  c o n t a in in g  numerous i n t i n e  
v e s i c l e s  ( i v ) .  B. E x i n e - l i k e  a g g re g a te  a p p e a r in g  f r e e  o f  
c e n t r a l  body , b u t  c o n ta in in g  numerous i n t i n e  v e s i c l e s  ( i v ) .
The m arkers  r e p r e s e n t  ljim .
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F ig .  6 . E f f e c t  o f  th e  method o f  p r e c i p i t a t i o n  on th e  y i e ld  o f
p r e c i p i t a b l e  m a te r ia ls  from  c u l t u r a l  s u p e rn a ta n ts  o f  BHB- 
supp lem en ted  c u l tu r e s .
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T a b le  3 . C o m p o sitio n  o f  c u l t u r e  s u p e r n a ta n ts  from  c e l l s  p roduced  
by th e  B H B -supplem ental m ethod.
P r e c i p i t a n t R e fe re n c e P ro p o sed  f r a c t i o n  
i d e n t i f i c a t i o n
Y ie ld , 
mg/100ml
C h lo ro fo rm
MgCl2
E th a n o l
CTAB
TCA
C aC ln
K nox, e t  a l . ,
1966
W e s tp h a l, 
e t  a l . , 1952
L in  and S a d o ff , 
1969
D av is  and C la p p , 
1961
L in  and  S a d o f f ,  
1969
S te v e n so n  and 
S o c o lo fs k y ,
1967
P r o te i n
LPS
L P S -P ro te ln
P o ly s a c c h a r id e
P o ly s a c c h a r id e -
P r o t e i n
P o ly sa c c h a rid e -L P S -
P r o t e i n
6
11
22
87
93
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S in ce  in c o r p o r a t io n  o f  0.6% pow dered CaC03 in t o  th e  g lu c o s e -  
c o n ta in in g  c u l t u r e  medium r e s u l t e d  i n  e n cy s tm en t o f  98% o f  th e  c e l l s ,  
t h i s  method was c h o sen  a s  th e  b a s i s  f o r  d evelopm en t o f  a  b a tc h  
c u l tu r e  te c h n iq u e  f o r  p ro d u c t io n  o f  th e  l a r g e  q u a n t i t i e s  o f  c y s ts  
r e q u ire d  f o r  a n a l y t i c a l  s t u d i e s .  F o r  b a tc h  c u l t u r e s ,  12 1 o f  B u rk ’ s 
n i t r o g e n - f r e e  medium, pH 7 .4 ,  was a u to c la v e d  i n  a  15 1 fe rm e n to r  
v e s s e l .  The v e s s e l  was p la c e d  i n  th e  w a te r  b a th  o f  a  New B runsw ick  
fe rm e n to r  a t  32 C and  s t i r r e d  a t  180 rpm f o r  2 days to  r e d i s s o lv e  
th e  s a l t s  w hich had p r e c i p i t a t e d  d u r in g  s t e r i l i z a t i o n  o f  th e  medium. 
G lu co se , c o n ta in in g  pow dered CaC0 3 , was added  to  a  f i n a l  c o n c e n t r a t io n  
o f  1% and 0.6% , r e s p e c t i v e l y .  The f e rm e n to r  v e s s e l  was in o c u la te d  
by a d d i t io n  o f  a  volum e o f  18 h v e g e t a t i v e  c e l l s  e q u a l  to  10% o f  th e  
f i n a l  volum e. The a n t ifo a m  c o n t r o l  was c o n n e c te d  and th e  c u l tu r e  
was in c u b a te d  a t  32 C w ith  th e  s p a r g e r  o p e r a t in g  a t  180 rpm and 
a e r a t i o n  a t  a r a t e  o f  2 1 /m in  (D a lto n  and P o s tg a te ,  1969a; 1969b). 
Samples w ere w ith d raw n  a t  12 h i n t e r v a l s  f o r  8 d a y s . The c e l l s  
w ere p ro c e s se d  f o r  TEM and th e  c u l t u r e  s u p e r n a ta n ts  w ere  a n a ly z e d  
a c c o rd in g  to  th e  p a ra m e te rs  p r e s e n te d  i n  F ig u re  7 . The pH o f  th e  
fe rm e n to r  c u l t u r e  e s s e n t i a l l y  d u p l i c a t e s  t h a t  o f  shake  c u l tu r e s  
b u f fe re d  w ith  CaCC^. G lucose  was r a p id l y  e x h a u s te d  d u r in g  th e  f i r s t  
36 h o f  g ro w th . The p re se n c e  o f  p r o t e i n  i n  th e  c u l t u r e  s u p e rn a ta n t  
se rv e d  as  a  g u id e  to  c u l t u r a l  d ev e lo p m en t. V is c o s i ty  o f  th e  c u l t u r a l  
s u p e rn a ta n t  rem ain ed  low , i n d i c a t i n g  th e  p re s e n c e  o f  l i t t l e  f r e e  
p o ly s a c c h a r id e .  P h a se  m ic ro sc o p ic  o b s e r v a t io n s  o f  th e  c e l l s  from  
th e  b a tc h  c u l tu r e s  in d ic a te d  t h a t  en cy s tm en t was co m p le te  i n  4 
d ay s .
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F ig .  7 P a ra m e te rs  o f  grow th m o n ito re d  d u r in g  e n cy s tm en t o f  
A z o to b a c te r  v i n e l a n d i i  i n  b a tc h  c u l t u r e .  Sym bols: 9 
■  , v i s c o s i t y ;  O *  g lu c o s e ;  □ ,  p r o t e i n . , pH;
10'
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M orphogenesis
S canning  e l e c t r o n  m ic ro sc o p ic  s tu d y
I n t a c t  c o lo n ie s  o f  A z o to b a c te r  v in e l a n d i i  w ere p re p a re d  f o r  
sc a n n in g  e l e c t r o n  m icroscopy  by c r i t i c a l  p o in t  d ry in g  w ith  l i q u id  
CO2 . C o lo n ies  o f  24 h c e l l s  w ere convex and somewhat i r r e g u l a r l y  
shaped (F ig u re  8 ) .  In d iv id u a l  c e l l s  ap p ea red  as s h o r t ,  plump rods 
i n  v a r io u s  s ta g e s  o f  c e l l  d iv i s i o n .  C o lo n ie s  exam ined a f t e r  48 h o f  
grow th c o n s is te d  o f  o v o id  c e l l s  c o m p le te ly  co v ered  w ith  a t h i c k  la y e r  
o f  c a p s u la r  p o ly s a c c h a r id e  w hich obscu red  a l l  d e t a i l s  o f  th e  in d iv id u a l  
c e l l s  (F ig u re  9 ) .  In  o rd e r  to  f a c i l i t a t e  v iew in g  o f  in d iv id u a l  c e l l s  
in  s i t u , th e  crow ns o f  th e  c o lo n ie s  were removed by g e n t le  a g i t a t i o n  
in  th e  f i r s t  s te p  o f  th e  d e h y d ra tio n  s e r i e s .  I n d iv id u a l  c e l l s  w ith in  
a co lony  a f t e r  24 h o f  grow th a r e  p re s e n te d  in  F ig u re  10A. The ro d ­
shap ed , p e r i t r i c h o u s l y  f l a g e l l a t e d  c e l l s  w ere covered  w ith  numerous 
p a p u la r  o u tp o u c h in g s , a p p e a r in g  a s  l i g h t  n o d u le s  on th e  s u r f a c e  o f  
th e  c e l l s .  By 48 h (F ig u re  10B ), th e  c e l l s  w ere ovo id  and f l a g e l l a  
ap p ea red  wrapped around  th e  c e l l s ,  p a r t i a l l y  o cc lu d ed  by c a p s u la r  
p o ly s a c c h a r id e .  F u r th e r  a c c u m u la tio n s  o f  c a p s u la r  p o ly s a c c h a r id e ,  
a p p e a r in g  as  a f ib r o u s  netw ork  w ith  m u l t ip le  p o in t s  o f  a tta c h m e n t 
to  th e  c e l l s ,  were n o te d  a f t e r  72 h o f  grow th  (F ig u re  11A). F la g e l l a  
w ere no lo n g e r  e v id e n t a t  72 h . No f u r th e r  changes w ere a p p a re n t 
th ro u g h  6 days o f  grow th (F ig u re  11B).
S in c e  image p r o p e r t i e s  o f  th e  scan n in g  e l e c t r o n  m icro sco p e  
depend upon to pography  and e le m e n ta l co m p o sitio n  o f  th e  spec im en , i t  
was o f  i n t e r e s t  to  exam ine a c o lo n y  o f  c y s ts  i n  an  u n co a ted  p r e p a r a t io n .  
The im age formed a p p e a rs  in  F ig u re  12A. The c y s t s  w ere s p h e r ic a l  and 
p o sse sse d  a d a rk  c e n t r a l  a r e a ,  m o ttle d  w ith  l i g h t e r  a r e a s ,  c o rre sp o n d in g
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F ig .  8 . S cantling  e l e c t r o n  m icro g rap h s o f  i n t a c t  c o lo n ie s  o f
A z o to b a c te r  v i n e l a n d i i . A. C o lo n ie s  o f  v e g e ta t iv e  c e l l s  
a f t e r  24 h o f  g row th . B. R od-shaped c e l l s  in  a c t i v e  c e l l  
d iv i s i o n .  The m arkers r e p r e s e n t  20 /im.
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F ig .  9 . S cann ing  e l e c t r o n  m icro g rap h s o f  i n t a c t  c o lo n ie s  o f  A z o to b a c te r  
v i n e l a n d i i  d e m o n s tra tin g  th e  co p io u s  c a p s u la r  p o ly s a c c h a r id e .
A. P r e c y s t i c  c e l l s  a f t e r  48 h o f  g row th . B. Edge o f  a  
co lo n y  d e m o n s tra tin g  th e  m asking e f f e c t  o f  th e  c a p s u la r  
p o ly s a c c h a r id e .  The m arkers r e p r e s e n t  10 pm.
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F ig . 10 . S cann ing  e l e c t r o n  m icro g rap h s o f  v e g e t a t i v e  c e l l s  o f
A z o to b a c te r  v in e l a n d i i  d u r in g  e n c y s tm e n t. A. P e r i t r i c h o u s ly  
f l a g e l l a t e d  c e l l s  a f t e r  24 h o f  g row th . P a p u la r  n o d u le s  
(pn) a p p e a r  on th e  s u r f a c e  o f  th e  c e l l s .  B. P r e c y s t i c  
c e l l s  a f t e r  48 h o f  g row th . F la g e l l a  ( f )  ap p e a r wrapped 
around  th e  c e l l s .  The m arkers r e p r e s e n t  5 Jim.
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F ig .  11 . S cann ing  e l e c t r o n  m ic ro g rap h s  o f  c y s t s  o f  A z o to b a c te r  
v i n e l a n d i i . A. C y s ts  a f t e r  72 h o f  g row th . B. C y sts  
a f t e r  96 h o f  g row th . C a p su la r  p o ly s a c c h a r id e  (c p )  
a p p e a rs  a s  a f ib ro u s  ne tw ork  su rro u n d in g  th e  c y s t s .
The m arkers r e p r e s e n t  5 pm.
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to  th e  c e n t r a l  body w ith  num erous PHB g r a n u le s .  The c y s t  c o a t was 
e v id e n t  a s  a  l i g h t  r in g  su rro u n d in g  th e  c y s t .  No e v id e n c e  o f  c a p s u la r  
p o ly s a c c h a r id e  was a p p a re n t .  T h is  image o f  a  c y s t  c o rre sp o n d s  d i r e c t l y  
t o  th e  th in  s e c t io n  o f  a  c y s t  p re s e n te d  in  F ig u re  12B. The c e n t r a l  
body was su rro u n d ed  by th e  t y p i c a l  c e l l  w a ll  o f  th e  v e g e t a t i v e  c e l l .
PHB g ra n u le s  ap p e a re d  as  e l e c t r o n  t r a n s p a r e n t  a r e a s  in  th e  cy to p lasm  
o f  th e  c e n t r a l  body. The c y s t  c o a t  a p p ea red  a s  a c o n t in u o u s , d e n se , 
f ib r o u s  netw ork  su rrounded  on th e  e x t e r i o r  by a le s s - d e n s e  la y e r  o f  
c a p s u la r  p o ly s a c c h a r id e .  The s p a t i a l  and s t r u c t u r a l  ag reem en t 
o b se rv e d  in d i c a t e s  t h a t  c r i t i c a l  p o in t  d ry in g  i s  an  e f f e c t i v e  method 
f o r  p r e s e r v a t io n  o f  c e l l s  o r  c y s t s  o f  A z o to b a c te r  v i n e l a n d i i .
T ra n sm is s io n  e l e c t r o n  m ic ro sc o p ic  s tu d y
T ra n sm iss io n  e l e c t r o n  m ic ro sc o p ic  p r e p a r a t io n s ,  p a r t i c u l a r l y  
u l t r a t h i n  s e c t i o n s ,  a r e  e s p e c i a l l y  s u b je c t  to  th e  p ro d u c tio n  o f  
a r t i f a c t s  d u r in g  d e h y d ra t io n , f i x a t i o n ,  em bedding, o r  s e c t io n in g .
The work o f  e a r l y  in v e s t i g a t o r s  w as, t h e r e f o r e ,  o f  l im i te d  v a lu e  f o r  
a s se ssm e n t o f  th e  s e q u e n t ia l  developm ent o f  c e l l s  d u r in g  e n cy s tm en t.
A c y s t  f ix e d  by  th e  KMnO  ^ m ethod o f  L u ft (1 9 5 6 ) , i s  p re s e n te d  in  
F ig u re  13A. T h is  s ty l i z e d  r e n d i t i o n  o f  th e  c y s t  was c o n s id e re d  a 
c l a s s i c a l  r e p r e s e n t a t i o n  u n t i l  o n ly  a few y e a re  ago. The d r a s t i c  
e f f e c t  o f  KMhO  ^ a s  an  o x id iz in g  ag e n t has o b l i t e r a t e d  m ost o f  th e  
s t r u c t u r a l  d e t a i l  o f  th e  c y to p la sm  and th e  c y s t  c o a t ;  how ever, a few 
s p h e r ic a l  v e s i c l e s  a re  e v id e n t .  The c a p s u le  e x te r n a l  to  th e  c y s t  
c o a t  i s  p r a c t i c a l l y  d e s tro y e d . When c y s ts  w ere f ix e d  w ith  g lu t a r a ld e -  
h y d e , th e  e f f e c t s  o f  s h r in k a g e  w ere e v id e n t  i n  F ig u re  13B. Ribosome 
s t r u c t u r e  o f  th e  c e n t r a l  body i s  p re se rv e d  w ith  g r e a t e r  f i d e l i t y  
th a n  w ith  KMnO  ^ f ix a t io n .  The i n t i n e  a p p e a rs  s im i l a r  to  KMnO  ^ f ix e d
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F ig .  12. S canning  e l e c t r o n  m ic ro g rap h  o f  c y s ts  o f  A z o to b a c te r  
v in e l a n d i i  i n  an  u n co a ted  specim en com pared to  a th in  
s e c t io n  o f  a  c y s t  view ed by t r a n s m is s io n  e l e c t r o n  m icroscopy ,
A. U ncoated c y s ts  from  a  96 h c u l t u r e .  C yst c o a t (c )  
a p p e a rs  a s  a l i g h t  r in g  around  th e  c e l l s .  PHB g ra n u le s  (g ) 
ap p e a r  a s  l i g h t  a r e a s  w i th in  th e  c e n t r a l  body. The m arker 
r e p r e s e n ts  5 jam. B. T h in  s e c t io n  o f  a c y s t  a t  72 h o f  
g row th . The c e n t r a l  body (cb) c o n ta in s  num erous PHB 
g ra n u le s  ( g ) . The c y s t  c o a t  (c ) a p p e a rs  f ib r o u s .  I n t i n e  
v e s i c l e s  ( iv )  ap p e a r a t  th e  ju n c t io n  o f  th e  c y s t  c o a t and 
th e  c e n t r a l  body c e l l  w a ll  (cw ). The lo s e ly - a s s o c ia te d  
m a te r ia l  e x t e r n a l  to  th e  c y s t  c o a t i s  c a p s u la r  p o ly s a c c h a r id e  
( c p ) . The m arker r e p r e s e n t s  1 jira.
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F ig .  13. C y s ts  o f  A z o to b a c te r  v in e l a n d i i  i n  t h i n  s e c t io n s  p re p a re d
f o r  t r a n s m is s io n  e l e c t r o n  m icro sco p y  by  KMnO  ^ or glutaratdehyde 
f i x a t i o n .  A. KMnO^-fixed specim en  d e m o n s tra tin g  th e  dense  
e x in e  ( e ) , f ib r o u s  i n t i n e  ( i ) , i n t i n e  v e s i c l e s  ( i v ) ,  PHB 
g ra n u le s  (g ) and c e n t r a l  body (cb ) o f  th e  m a tu re  c y s t .  
C a p s u la r  p o ly s a c c h a r id e  (cp ) was p o o r ly  p re s e rv e d .  B. 
G lu ta ra ld e h y d e - f ix e d  specim en d e m o n s tra tin g  th e  e x in e  (e )  
i n t i n e  ( i ) ,  i n t i n e  v e s i c l e s  ( i v ) ,  c e n t r a l  body (c b )  and 
c a p s u la r  p o ly s a c c h a r id e  (c p )  o f  a  m atu re  c y s t .  The m arkers 
r e p r e s e n t  0 .5  pm.
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c y s t s ,  b u t th e  e x in e  ap p e a rs  c o m p le te ly  d i f f e r e n t ,  la c k in g  th e  d e n se  
b a r k - l i k e  o u te r  l a y e r .  C a p su la r  p o ly s a c c h a r id e  i s  somewhat b e t t e r  
p re s e rv e d .  The p o s s i b i l i t i e s  o f  a r t i f a c t  p ro d u c tio n  caused  i n v e s t i ­
g a to r s  to  use  ex trem e c a u t io n  when making i n t e r p r e t a t i o n s  from 
m ic ro g rap h s o f  th e s e  ty p e s .
S in ce  th e  s e q u e n t ia l  u l t r a s t r u c t u r a l  a l t e r a t i o n s  a s s o c ia te d  
w ith  encystm en t a r e  dependent upon a method o f  f i x a t i o n  w hich r e s u l t s  
i n  m inim al a l t e r a t i o n  o f  th e  c e l l ,  p re l im in a ry  ex p e rim en ts  were 
co n d u c ted  to  d e te rm in e  th e  most e f f e c t i v e  method o f  f i x a t i o n .  The 
method o f  c h o ic e  c o n s is te d  o f  a  d o u b le - f ix a t io n  u s in g  g lu ta ra ld e h y d e  
and OsO^ in  th e  p re se n c e  o f  th e  s p e c i f i c  s t a i n  f o r  a c id  p o ly s a c c h a r id e s ,  
ru th en iu m  r e d .  T h is  method was u sed  e x c lu s iv e ly  f o r  th e  rem a in in g  
sp ec im en s.
Sam ples f o r  m orphogenic s tu d ie s  were w ithd raw n  from  fe rm e n to r  
c u l tu r e s  a t  12 h i n t e r v a l s .  The f i r s t  u l t r a s t r u c t u r a l  a l t e r a t i o n  
a s s o c ia te d  w ith  encystm en t was th e  acc u m u la tio n  o f  PHB (F ig u re  14A ).
The second e v e n t was th e  o c c u rre n c e  o f  v e s ic u l a r  e v a g in a t io n s  from  th e  
L - la y e r  o f  th e  c e l l  w a ll a s  e a r l y  a s  12 h a f t e r  in o c u la t io n .  These 
v e s i c l e s  a re  b e l ie v e d  to  co rre sp o n d  to  th e  p a p u la r  n o d u le s  se e n  i n  SEM 
p r e p a r a t io n s  o f  young v e g e ta t iv e  c e l l s  (F ig u re  14B ). The v e s i c l e s  
p in c h  o f f  and rem ain  in  th e  c a p s u la r  p o ly s a c c h a r id e  im m ed ia te ly  
e x t e r n a l  to  th e  c e l l  w a ll (F ig u re  14C). By 24 h , th e  f i r s t  dense  
f ib r o u s  e lem en ts  o f  th e  c y s t  c o a t  ap p ea r im m ed ia te ly  e x te r n a l  to  th e  
v e s i c l e s  (F ig u re  15A). T hese d e n se  a r e a s  c o n tin u e  to  accu m u la te  i n  
la y e r s  around  th e  c e l l  from 12 to  24 h (F ig u re  15B ). By 36 h , th e s e  
la y e r s  o f  c y s t  c o a t  m a te r ia ls  have reached  a b o u t one h a l f  o f  t h e i r  
p o t e n t i a l  th ic k n e s s  (F ig u re  16A). No f u r th e r  e v a g in a t io n s  o c c u r
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F ig . 14. P ro d u c tio n  o f  v e s i c l e s  by v e g e ta t iv e  c e l l s  o f  A z o to b a c te r  
v in e l a n d i i  examined i n  t h i n  s e c tio n s  a f t e r  12 h o f  g ro w th .
A. V e s ic le s  (v) e v a g in a te  from th e  L - l a y e r  o f  the  c e l l  
w a l l .  The m arker r e p r e s e n t s  0 .5  /im. B . The nodules (n )  
o b se rv ed  by SEM c o rre sp o n d  to  th e  v e s i c l e s  ap p ea rin g  i n  
t h i n  s e c t io n s .  The m a rk e r r e p r e s e n ts  1 jim. C. The v e s i c l e s  
(v ) p in ch  o f f  and rem a in  i n  th e  c a p s u la r  p o ly s a c c h a r id e  
(c p )  a d ja c e n t to  th e  c e l l .  The m arker r e p r e s e n ts  0 .5  jim.
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F ig .  15. M orphogenesis o f  A z o to b a c te r . E le c tro n  m ic ro g rap h s  o f
t h i n  s e c t io n s  o f  c e l l s  o f  A z o to b a c te r  V in e la n d i i  sam pled 
a t  24 h o f  g ro w th . A. F ib ro u s  e lem en ts  ( f e )  o f  c y s t  
c o a t  b e g in  to  form . B. The f ib ro u s  e le m e n ts  ( f e )  c o n t in u e  
to  acc u m u la te  to  form  th e  la y e re d  s t r u c t u r e  c h a r a c t e r i s t i c  
o f  th e  c y s t  c o a t .  V e s ic le s  (v ) c o n tin u e  to  e v a g in a te .
The m arkers  r e p r e s e n t  0 .5  ^tm.
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a l th o u g h  v e s i c l e s  re m a in  v i s i b l e  a lo n g  th e  c e l l  w a l l  o f  th e  c e n t r a l  
body  and i n  c y s t  c o a t  l a y e r s .  A t 48 h ,  th e  c y s t  c o a t  a p p e a rs  d i f f e r e n ­
t i a t e d  i n t o  a l t e r n a t i n g  e l e c t r o n  d e n s e  and  e l e c t r o n  t r a n s p a r e n t  a r e a s ,  
w i th  an  o u t e r  l a y e r  o f  l o o s e l y - a s s o c i a t e d  c a p s u la r  p o ly s a c c h a r id e  
(F ig u re  1 6 B ), The c y s t  c o a t  seem s s e p a r a t e d  from  th e  c e l l  w a l l  o f  th e  
c e n t r a l  body  b y  60 h o f  g ro w th  (F ig u re  17A ); h o w ev e r, w h e th e r  t h i s  i s  
a n  a c t u a l  e v e n t  i n  m o rp h o g e n e s is  r e s u l t i n g  i n  th e  f o r m a t io n  o f  a  
h y d ra te d  s p a c e  s i m i l a r  t o  th e  p e r ip la s m ic  s p a c e  b e tw e e n  c e l l  w a l l  and 
m em brane, o r  w h e th e r  t h i s  i s  a n  a r t i f a c t  re m a in s  t o  b e  d e te rm in e d .  
V e s ic le s  seem  to  be  c l u s t e r e d  i n t o  th e  e l e c t r o n  t r a n s p a r e n t  b an d s  o f  
th e  c y s t  c o a t  to  fo rm  a  c o r t e x - l i k e  r e g io n ,  su rro u n d e d  on  b o th  s id e s  
w i th  d e n s e ly  co m p ressed  f i b r o u s  b a n d s . F ig u r e  17B i s  r e p r e s e n t a t i v e  
o f  th e  72 h sam p le . No f u r t h e r  ch an g es  w ere  e v id e n t  th ro u g h o u t  th e  
s i x t h  d ay  o f  e n c y s tm e n t e x c e p t  f o r  th e  p r o g r e s s iv e  r e d u c t io n  o f  PHB 
( F ig u re  1 8 ) .  The d i f f e r e n t i a t i o n  o f  t h e  c y s t  c o a t  r e a c h e d  a  maximum 
a t  132 h and  rem a in ed  u n changed  a t  144 h . The c y s t  c o a t  a p p e a re d  
to  c o n s i s t  o f  two d i s t i n c t  e l e c t r o n  t r a n s p a r e n t  b an d s  f i l l e d  w ith  
v e s i c l e s  and su rro u n d e d  by th e  d e n s e r  f ib r o u s  l a y e r s  (F ig u r e  1 9 ) .
O c c a s io n a l ly  a  d i f f e r e n t i a l  s t a i n i n g  e f f e c t  was n o te d  b e tw ee n  
c a p s u le  and  c u l t u r a l  s l im e  (F ig u re  2 0 ) .  The c a p s u le  r e t a i n e d  th e  
l o o s e l y - a s s o c i a t e d  s t r u c t u r e  s e e n  i n  v e g e t a t i v e  c e l l s ,  b u t  th e  s l im e  
fro m  6 d ay  f e rm e n to r  c u l t u r e s  p o s s e s s e d  a  d e n se  c r y s t a l l i n e  a p p e a ra n c e ,  
s t a i n i n g  d a r k ly  w ith  ru th e n iu m  r e d .  T h ese  s h o r t  d e n se  f i b e r s  w ere 
s i m i l a r  to  th e  s t r u c t u r a l  m a t e r i a l s  o f  th e  c y s t  c o a t  and  th u s ,  c o u ld  
b e  form ed a s  a  r e s u l t  o f  th e  p re s e n c e  o f  e x c e s s  CaCOg i n  th e  c u l t u r e  
medium.
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F ig .  16 . M orphogenesis o f  A z o to b a c te r . E le c t ro n  m ic ro g rap h s  o f  t h i n  
s e c t io n s  o f  c e l l s  o f  A z o to b a c te r  v in e l a n d i i  sam pled a t  36 h 
and a t  48 h o f  g ro w th . A. C y st a f t e r  36 h o f  grow th  
d e m o n s tra tin g  p r o g r e s s iv e  a c c u m u la tio n  o f  c y s t  c o a t  ( c ) .
B. C yst a f t e r  48 h o f  g row th  d e m o n s tra tin g  d i f f e r e n t i a t i o n  
o f  c y s t  c o a t  i n t o  e l e c t r o n - t r a n s p a r e n t  and e le c t r o n - d e n s e  
s t r u c t u r e s  ( a r ro w s ) .  The m ark e rs  r e p r e s e n t  0 .5  jam.
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F ig . 1 7 . M orphogenesis o f  A z o to b a c te r . E le c tro n  m ic ro g rap h s  o f  th i n  
s e c t io n s  o f  c e l l s  o f  A z o to b a c te r  v in e la n d i i  sam pled a t  60 h 
and a t  72 h  o f  grow th . A. C y sts  a t  60 h o f  grow th w ith  a 
space b e tw een  th e  c e n t r a l  body and th e  c y s t  c o a t ( a r ro w ) . 
V e s ic le s  (v )  ap p e a r i n  th e  e l e c t r o n - t r a n s p a r e n t  a re a s  o f  
th e  c y s t  c o a t .  B. PHB g ra n u le s  (g) b e g in  to  d e c l in e  a f t e r  
72 h o f  g ro w th . The m arkers re p re s e n t  0 .5  Jim.
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F ig ,  18. M orphogenesis o f  A z o to b a c te r . E le c t r o n  m icrographs o f  th i n  
s e c t io n s  o f  c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  sampled a t  84 h 
and a t  96 h o f  g row th . A. C ysts a t  84 h  o f  grow th.
B. C y sts  a t  96 h o f  g row th . PHB a c c u m u la tio n s  have d e c re a se d  
somewhat. The m arkers r e p re s e n t  0 .5  jdm.
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F ig .  19 . M orphogenesis o f  A z o to b a c te r . E le c t r o n  m ic ro g rap h s  o f
t h i n  s e c t io n s  o f  c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  sam pled 
a t  132 h and a t  144 h o f  g row th . A . C om pletion  o f  th e  
d i f f e r e n t i a t i o n  o f  th e  c y s t  c o a t  a t  132 h . B. C yst c o a t  i s  
composed o f  a l t e r n a t i n g  la y e r s  o f  e le c t r o n - d e n s e  and 
e l e c t r o n - t r a n s p a r e n t  la y e r s  (a r ro w s ) .  M arkers r e p r e s e n t
0 .1  L^im.
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F i g .  20 . E l e c t r o n  m ic ro g ra p h s  o f  t h i n  s e c t i o n s  show ing  th e  am orphous
s lim e  and  d i s c r e t e  c a p s u le  p ro d u ced  b y  A z o to b a c te r  v i n e l a n d i i  
a f t e r  144 h  o f  g row th  i n  an  e n c y s t in g  medium. A. S lim e  ( s )  
s t a in e d  i n t e n s e l y  w ith  ru th e n iu m  r e d .  B. C a p s u la r  
p o ly s a c c h a r id e  (c p )  h a s  r e t a i n e d  o r i g i n a l  a p p e a ra n c e  and i s  
d i f f e r e n t i a t e d  from  th e  am orphous s l im e  m a t r ix .  The m a rk e rs  
r e p r e s e n t  0 .5  pm.
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F r a c t i o n a t i o n  o f  c y s t  c o a t  com ponents
The c y s ts  from  fe rm e n to r  c u l t u r e s  w ere c o l l e c t e d  u t i l i z i n g  
a  S h a rp ie s  c o n tin u o u s  flo w  c e n t r i f u g e  and the. c e l l  p a s te s  were 
l y o p h i l i z e d .  P r e l im in a ry  e x p e r im e n ts  in d ic a te d  t h a t  th e  p ro c e d u re  
f o r  I s o l a t i o n  o f  e x in e  d ev e lo p ed  b y  L in  and S a d o ff  (1969a) r e s u l t e d  
i n  p o o r  s e p a r a t io n  o f  c e n t r a l  b o d ie s  from  th e  c ru d e  e x in e .  A 
m o d i f ic a t io n  o f  t h i s  p ro c e d u re  i s  p r e s e n te d  in  F ig u re  21. E x ine 
c o u ld  be  f r e e d  o f  m ost o f  th e  re m a in in g  c e n t r a l  b o d ie s  by r e s u s p e n d in g  
p e l l e t  P3 and c e n t r i f u g in g  t h i s  s u s p e n s io n  a t  1500 x  g f o r  15 m in .
The e x in e ,  re m a in in g  in  th e  s u p e r n a ta n t  S4 , was la y e r e d  o n to  42% 
s u c ro s e  d is c o n t in u o u s  g r a d ie n ts  f o r  f i n a l  rem oval o f  c o n ta m in a tin g  
c e n t r a l  b o d ie s .  The p u r i f i e d  e x in e  f r a c t i o n  was ly o p h i l iz e d  and  
s to r e d  i n  a  vacuum d e s i c c a t o r .  The EDTA s o lu b le  m a te r i a l  c o n ta in e d  
i n  s u p e r n a ta n t  S3 , was re c o v e re d  by e th a n o l  p r e c i p i t a t i o n  and s to r e d  
i n  a  vacuum  d e s i c c a t o r .
The e f f e c t  o f  EDTA on th e  c y s t  i s  p re s e n te d  i n  F ig u re  22A.
The e x in e  ru p tu re d  a t  a s in g le  p o in t  and th e  c e n t r a l  body was e j e c t e d .  
EDTA s o lu b i l i z e d  b o th  i n t i n e  and i n t i n e  v e s i c l e s .  The e x in e  rem ained  
a s  t h e  b a g -sh ap ed  m acrom olecu le  p r e s e n te d  i n  F ig u re  22B. The e x in e  
f r a c t i o n  was c o m p le te ly  f r e e  o f  c e n t r a l  b o d ie s  o r  c o n ta m in a tin g  PHB 
g r a n u le s .
The d i f f e r e n c e s  i n  th e  a b i l i t y  o f  A z o to b a c te r  to  e n c y s t ,  when 
p ro d u ced  by  some o f  th e  c u l t u r a l  m ethods e v a lu a te d ,  su g g e s te d  t h a t  
s t r u c t u r a l  p ro d u c ts  o f  th e  c y s t  c o a t s  w ere e i t h e r  n o t  s y n th e s iz e d  o r  
n o t a s se m b le d . A tte m p ts  w ere made t o  i s o l a t e  e x in e  from  c y s ts  
p ro d u ced  by  th e s e  l e s s  e f f i c i e n t  m ethods f o r  c o m p a ra tiv e  c h e m ic a l
83
F ig .  21 . P ro ced u re  f o r  i s o l a t i o n  o f  e x in e  and i n t l n e  from c y s t s  
o f  A z o to b a c te r  v in e l a n d i i .
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P ig .  22. E le c t r o n  m ic ro g rap h s  in d i c a t in g  th e  e f f e c t s  o f  EDTA on 
c y s t s  o f  A z o to b a c te r  v i n e l a n d i i . A, T h in  s e c t io n  o f  
c y s t s  ru p tu re d  w ith  EDTA r e v e a ls  ap p ea ran ce  o f  e x in e  (e )  
a f t e r  c e n t r a l  body (cb ) has  been  r e le a s e d .  B. N eg a tiv e  
s t a i n  o f  p u r i f i e d  e x in e  p r e p a r a t io n .  The m ark e rs  r e p r e s e n t  
0 .5
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a n a l y s i s .  T rea tm e n t o f  c y s t s  from th e s e  c u l tu r e s  w ith  EDTA f a i le d  
to  e f f e c t  th e  com ple te  r e l e a s e  o f  th e  c e n t r a l  body from  a  la rg e  
p e rc e n ta g e  o f  th e  c y s ts  p r e s e n t .  A d d i t io n a l ly ,  th e  in c re a s e d  v i s c o s i t y  
o f  c u l t u r a l  s u p e rn a ta n ts  from  BHB-supplemented c u l t u r e s  o r  c u l tu r e s  
p roduced  by a d d i t io n  o f  CaCO^ in  a  d i a l y s i s  b a g , c o m p lic a te d  th e  
d i f f e r e n t i a l  c e n t r i f u g a t io n  s te p s  o f  th e  i s o l a t i o n  p ro c e d u re  
(F ig u re  2 1 ) . No a tte m p ts  were made to  c h e m ic a lly  a n a ly z e  th e se  
i s o l a t e s  s in c e  th e  y ie ld  o f  ex in e  i s o l a t e d  from  th e s e  c u l tu r e s  was 
low , and b eca u se  th e  r e s u l t i n g  ex in e  c o n ta in e d  r e l a t i v e l y  la rg e  
am ounts o f  c a p s u la r  p o ly s a c c h a r id e s  and c e n t r a l  b o d ie s .
The d e n s i t i e s  o f  th e  ex in e  i s o l a t e s  p roduced  by  v a r io u s  
c u l t u r a l  m ethods were d e te rm in e d  by c e n t r i f u g a t io n  i n  l i n e a r  su cro se  
g r a d ie n ts  (T a b le  4 ) .  These r e s u l t s  i n d i c a t e  t h a t  th e  d e n s i ty  o f 
e x in e  i s o l a t e s  i s  r e l a t e d  to  th e  amount o f  c a lc iu m  p r e s e n t  i n  th e  
c u l tu r e  medium.
I s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  LPS
A p o r t i o n  o f  th e  ly o p h i l iz e d  c y s t s  to  be s u b je c te d  to  LPS 
e x t r a c t i o n  was re su sp en d ed  in  w a te r  and p ro c e sse d  f o r  e l e c t r o n  
m icro sco p y . T h in  s e c t io n s  o f  th e s e  c o n t ro l  c y s ts  a r e  p re se n te d  in  
F ig u re  23. The f u l l y  e n c a p s u la te d  c y s t s  ap p e a r  u n a l te r e d  by 
ly o p h i l i z a t i o n .
EDTA e x t r a c t i o n
The e f f e c t  o f  EDTA on th e  ru p tu r e  o f  c y s t  c o a t s  and th e  
s o l u b i l i z a t i o n  o f  th e  v e s i c u l a r  com ponent in d ic a te d  t h a t  LPS might 
be  a s t r u c t u r a l  m a te r ia l  o f  th e  c y s t  c o a t .  L y o p h iliz e d  c y s ts  were 
e x t r a c te d  w ith  EDTA a c c o rd in g  to  th e  p ro c e d u re  o f  L e iv e  (1965 ).
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T ab le  4 . D e n s i t ie s  o f  e x in e  f r a c t i o n s  i s o l a t e d  from  c e l l s  p roduced  
by v a r io u s  c u l t u r a l  m ethods.
C u ltu re  method D e n s ity , g/cm^
n -b u ta n o l p la te s 1 .164
0 . 6% powcfered CaCO^ 1.195
0.6% CaCOg in  a  d i a l y s i s  bag 1 .174
0.1% BHB-supplem ented c u l tu r e 1.170
0.1% B H B -replacem ent c u l tu r e 1.149
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F ig .  23. E le c t r o n  m ic ro g rap h s  o f  th i n  s e c t io n s  o f  ly o p h i l iz e d  c y s t s  
o f  A z o to b a c te r  v i n e l a n d i i  p r i o r  t o  ex p o su re  to  v a r io u s  
e x t r a c t i o n s .  A. C y s ts  a p p e a r  r e l a t i v e l y  u n a l te r e d  by 
l y o p h i l i z a t i o n .  B. C a p su la r  p o ly s a c c h a r id e  (cp ) a p p e a rs  
i n t a c t  in  th e se  ly o p h i l iz e d  c y s t s .  The m ark e rs  r e p r e s e n t  
0 .5  jjm.
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The r e s u l t i n g  f r a c t i o n  was term ed EDTA-LPS and c o n s is te d  o f  a la c e y ,  
w h ite ,  h y g ro sc o p ic  pow der. C y sts  w ere exam ined by e l e c t r o n  m icro ­
scopy a f t e r  LPS e x t r a c t i o n  w ith  EDTA (F ig u re  2 4 ). The c e l l  w a ll o f  
th e  c e n t r a l  body a p p e a rs  i n t a c t  b u t  some v e s ic u l a r  o u tp o u c h in g s  
a r e  e v id e n t .  The i n t i n e  i s  d i s s o lv e d ,  a lo n g  w ith  th e  i n t i n e  v e s ic l e s  
w h ile  th e  e x in e  rem ains i n t a c t .  T r i la m in a r  s t r u c t u r e s  th o u g h t to  be 
r e s id u a l  LPS a p p e a r  i n  th e  a r e a  betw een th e  c e n t r a l  body and th e  
e x in e .
P heno l e x t r a c t i o n
LPS was a l s o  e x t r a c te d  from  c y s ts  by th e  h o t aqueous pheno l 
method o f  W estphal (1 9 5 2 ). The aqueous ph ase  c o n ta in in g  th e  c ru d e  
LPS was d ia ly z e d ,  c o n c e n tra te d  to  100 m l, and c o l l e c t e d  by c e n t r i f u g a ­
t i o n  a t  105,000 x g f o r  3 h .  The r e s u l t i n g  c l e a r  g e l - l i k e  p r e c i p i t a t e  
was d is s o lv e d  i n  a m inim al amount o f  d i s t i l l e d  w a te r  and ly o p h i l iz e d .
The c y s t s  s u b je c te d  to  t h i s  e x t r a c t i o n  w ere p re p a re d  f o r  e l e c t r o n  
m icroscopy  by th i n  s e c t io n in g .  The m ic ro g rap h s  o f  p h en o l e x t r a c te d  
c y s ts  a r e  p re s e n te d  i n  F ig u re  25. The o u te r  la y e r  o f  th e  c e l l  w a ll 
o f  th e  c e n t r a l  body has b een  s t r ip p e d  o f f .  The v e s i c l e s  and th e  
e l e c t r o n - t r a n s p a r e n t  a re a s  o f  th e  c y s t  c o a t  have b een  rem oved.
Numerous t r i l a m in a r  f i l a m e n ts ,  p resum ab ly  U S ,  a p p e a r  i n  th e  a re a  
betw een th e  e x in e  and th e  c e n t r a l  body. The c a p s u le  rem ains u n d is tu rb e d .
S in ce  n e i t h e r  o f  th e s e  m ethods was s u c c e s s f u l  i n  th e  q u a n t i t a t i v e  
rem oval o f  LPS from  th e  c y s t ,  a  p o r t io n  o f  c y s ts  was exposed  to  th e  
EDTA e x t r a c t i o n  f o r  LPS, fo llo w ed  im m ed ia te ly  by th e  phen o l LPS 
e x t r a c t i o n .  M icrographs d e p ic t in g  th e  c y s t s  b e fo re  and a f t e r  th e se  
e x t r a c t io n s  a r e  p re s e n te d  in  F ig u re  26. The c e l l  w a ll  o f  th e  c e n t r a l
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F ig .  24. E le c t r o n  m icro g rap h s o f  th i n  s e c t io n s  o f  c y s ts  o f
A z o to b a c te r  v in e l a n d i i  a f t e r  e x t r a c t i o n  o f  LPS w ith  EDTA.
A. The c e n t r a l  body rem ains v i r t u a l l y  i n t a c t .  I n t i n e  and 
i n t i n e  v e s ic le s  a r e  s o lu b i l i z e d  by EDTA. Ribbons o f  LPS 
(a rro w ) ap p ea r in  th e  space betw een th e  ex in e  (e ) and  th e  
c e n t r a l  body. B. T he c e l l  w a ll (cw) o f  th e  c e n t r a l  body 
(cb ) a p p e a rs  i n t a c t .  The m arkers r e p r e s e n t  0 .5  ^im.
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F ig .  25. E le c t r o n  m ic ro g rap h s  o f  th in  s e c t io n s  o f  A z o to b a c te r
v i n e l a n d i i  a f t e r  e x t r a c t i o n  o f  LPS w i th  aqueous p h e n o l.
A. The c e l l  w a ll  o f  th e  c e n t r a l  body has  been rem oved. 
S t r i a t i o n s  o f  th e  c y s t  c o a t a r e  no lo n g e r  a p p a re n t.
B. T r i la m in a r  r ib b o n s  ( r )  appear be tw een  th e  c e n t r a l  
body (cb ) and th e  c y s t  c o a t ( c ) .  The m arkers r e p r e s e n t  
0 .5  ^um.
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body was c o m p le te ly  removed i n  some a r e a s .  L arge t r i l a m i n a r  v e s i c l e s  
w ere e v id e n t  i n  th e  a r e a  b e tw een  th e  c e n t r a l  body and th e  e x in e .
The y i e ld  o f  p u r i f i e d  U S  was n o t  s i g n i f i c a n t l y  g r e a t e r  when b o th  
e x t r a c t i o n  p ro c e d u re s  w ere em ployed .
The p u r i f i e d  EDTA-US and U S  f r a c t i o n s  w ere d i s s o lv e d  a t  a  
c o n c e n t r a t i o n  o f  2 mg/ml and exam ined in  n e g a t iv e ly  s t a i n e d  p r e p a r a ­
t i o n s .  The EDTA-US a p p e a re d  a s  a  v e s i c u l a r  com ponent a v e ra g in g  50 nm 
i n  d ia m e te r  ( F ig u re  27A ). The o u te r  s u r f a c e  was t r i l a m i n a r ,  e n c lo s in g  
th e  com plex  in n e r  a r e a .  S in c e  a t te m p ts  t o  i s o l a t e  t h e  v e s i c l e s  a s  
a p a r t i c u l a t e  f r a c t i o n  by  h ig h  speed  c e n t r i f u g a t i o n  f a i l e d ,  th e  
fo rm a tio n  o f  th e s e  v e s i c l e s  i s  b e l ie v e d  to  be th e  r e s u l t  o f  sp o n ta n e o u s  
a g g r e g a t io n  as  th e  spec im en  d r i e d  on th e  g r i d .  The U S  ap p e a re d  a s  
t r i l a m i n a r ,  u n b ran ch ed  r ib b o n s  o f  v a ry in g  le n g th s  and a v e ra g in g  
12 nm i n  d ia m e te r .  O c c a s io n a l c i r c u l a r  m i c e l l e - l i k e  s t r u c t u r e s  w ere 
e v id e n t .
A tte m p ts  t o  e s t a b l i s h  th e  m o le c u la r  w eigh t o f  th e  U S  by 
g ly c e r o l  g r a d ie n t  c e n t r i f u g a t i o n  w ere u n s u c c e s s f u l .  The m o lecu le  
e x i s t s  i n  a  p o ly d i s p e r s e  form  w ith  a g g re g a te s  ra n g in g  from  a m o le c u la r  
w e ig h t o f  4 0 ,0 0 0  d a l to n s  to  s e v e r a l  m i l l i o n  d a l to n s ,
C a rb o c y a n in  dye a s s a y
The c a rb o c y a n in  dye a s s a y  m o d if ie d  by Zey and Ja c k so n  (1973) 
was u t i l i z e d  f o r  s p e c i f i c  i d e n t i f i c a t i o n  o f  U S .  The sp e c tru m  o f  
th e  dye r e a g e n t  a lo n e  and i n  th e  p re s e n c e  o f  U S  from  A z o to b a c te r  
v i n e l a n d i i  i s  p r e s e n te d  in  F ig u re  28. The dye a b so rb s  s t r o n g ly  a t  
512 nm b u t u n d e rg o es  a  s p e c t r a l  s h i f t  t o  a  maximum a b so rb e n c y  a t  
472 nm in  th e  p re s e n c e  o f  LPS. The s p e c i f i c i t y  o f  th e  s h i f t  c a n  be
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F ig . 26. E le c tro n  m icro g rap h s o f  t h i n  s e c t io n s  o f  A z o to b a c te r
v in e l a n d i i  b e fo re  and a f t e r  e x t r a c t io n  o f  LPS w ith  EDTA 
and p h e n o l. A. C o n tro l c y s t s .  B. C y s ts  e x t r a c te d  w ith  
EDTA and p h en o l. The c e l l  w a ll o f  th e  c e n t r a l  body has 
been  c o m p le te ly  rem oved. No d i f f e r e n t i a t i o n  a p p e a rs  i n  th e  
c y s t  c o a t .  C a p su la r  p o ly s a c c h a r id e  (cp ) rem ains u n a l te r e d .  
The m arkers r e p r e s e n t  0 .5  ^im.
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F ig .  27 . N e g a tiv e  s t a i n s  o f  th e  EDTA-LPS and LPS f r a c t i o n s  i s o l a t e d  
from  A z o to b a c te r  v i n e l a n d i i . A. The EDTA-LPS f r a c t i o n  
a p p e a re d  a s  a v e s i c u l a r  m a te r i a l .  B. The LPS a p p ea red  
as  t r i l a m i n a r  r ib b o n s .  The m ark e rs  r e p r e s e n t  0 ,1
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F ig .  28 . S p e c t r a l  a n a l y s i s  o f th e  c a rb o c y a n in  dye i n  th e  p re se n c e
o f  LPS from  A z o to b a c te r  v i n e l a n d i i . A. A b so rbance  sp e c tru m  
o f  th e  dye r e a g e n t .  B. A bso rbance  sp e c tru m  o f  th e  dye 
re a g e n t i n  t h e  p re se n c e  o f  LPS. C. A b so rb an ce  spec tru m  
o f  th e  dye r e a g e n t  in  th e  p re s e n c e  o f  LPS when scanned 
a g a in s t  a d y e  b la n k .
160
(20
UJ
o  z 
<CD 
DC
O .800
o
<
400
01 ,__.  * _
400 500 600
J
700 400 500 600
W A V E L E N G T H  nm
700 400 500
T
600
103
enhanced by  exam in ing  th e  LPS sam ples i n  c o n ju n c t io n  w ith  a dye b la n k  
to  c a n c e l r e s id u a l  ab so rb e n c y  a t  512 nm. When m easured am ounts o f  
LPS w ere r e a c te d  w ith  th e  d y e , a  l i n e a r  r e l a t i o n s h i p  r e s u l t e d  o v e r  
th e  ran g e  o f  c o n c e n tr a t io n s  from  5 to  80 jig /m l (F ig u re  2 9 ) . T h is  
f e a tu r e  e n ab led  th e  q u a n t i t a t i v e  d e te rm in a t io n  o f  LPS i s o l a t e d  from 
c y s t  c o a t f r a c t i o n s  o r  p r e s e n t  i n  c u l tu r e  s u p e r n a ta n ts .
In fo rm a tio n  p e r t a in in g  to  th e  p re se n c e  o f  LPS in  s u p e rn a ta n ts  
o f  n o n e n c y s tin g  c u l tu r e s  o f  A z o to b a c te r  i s  p r e s e n te d  i n  F ig u re  30 . 
R e la t iv e ly  h ig h  am ounts o f  LPS w ere found i n  th e s e  s u p e rn a ta n ts  
d u r in g  th e  f i r s t  12 h o f  g ro w th . A f te r  t h i s  t im e ,  a c c u m u la tio n  o f  
c a p s u la r  p o ly s a c c h a r id e  r e s u l t e d  i n  a  s p e c t r a l  s h i f t  to  620 nm, 
c h a r a c t e r i s t i c  o f  p o ly u ro n ic  a c id s  (E dstrom , 19 6 9 ). The p re s e n c e  
o f  LPS in  s u p e rn a ta n t  f l u i d s  from  e n c y s t in g  c u l t u r e s  was a l s o  d e te rm in e d  
by th e  dye a s s a y  (F ig u re  3 1 ) .  LPS c o n c e n t r a t io n s  re a c h e d  a maximum 
a t  14 h o f  g ro w th , a f t e r  w hich a s i g n i f i c a n t  d e c l in e  o c c u rre d . T h is  
d e c l in e  was g r e a t e r  i n  c u l tu r e s  i n  w hich CaCO^ had b een  added t o  th e  
medium.
A n a ly s is  o f  c y s t  c o a t  f r a c t i o n s
The i d e n t i t y  o f  th e  s a c c h a r id e s  c o n ta in e d  i n  th e  e x in e ,  i n t i n e ,  
and LPS f r a c t i o n s  was exam ined in  a t te m p ts  to  r e v e a l  in fo rm a tio n  
r e l a t i v e  to  th e  s t r u c t u r e  and o r i g i n  o f  th e s e  c e l l u l a r  s t r u c t u r e s .  
A d d i t io n a l ly ,  s lim e  and c a p s u le  p o ly s a c c h a r id e s  o f  v e g e ta t iv e  c e l l s  
and c y s ts  w ere i n v e s t ig a t e d  to  d e te rm in e  w h e th e r  d i f f e r e n c e s  in  
co m p o sitio n  c o u ld  be r e l a t e d  to  th e  en cy stm en t p ro c e s s .
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F ig .  29 . S ta n d a rd  c u rv e  c o n s t r u c te d  f o r  q u a n t i t a t i v e  e v a lu a t io n  o f  
LPS i n  c u l tu r e  s u p e r n a ta n ts  o f  A z o to b a c te r  v i n e l a n d i l .
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P ig .  30 . O ccu rren ce  o f  IP S  in  c u l tu r e  s u p e rn a ta n ts  from  n o n e n c y s tin g  
c e l l s  o f  A z o to b a c te r  v i n e l a n d i i . Sym bols: # ,  c u l tu r e  
b u f f e r e d  by th e  use  o f  CaCO-j in  a  d i a l y s i s  bag ; 1 ,  c o n t r o l  
c u l t u r e ;  A , BHB-supplem ented c u l tu r e .
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F ig . 31. O c c u rre n c e  o f  LPS i n  c u l tu r e  s u p e r n a ta n ts  from  e n c y s t in g
c e l l s  o f  A z o to b a c te r  v i n e l a n d i i . Sym bols: 6  , B H B -replacem ent 
c u l t u r e ;  I ,  CaCO^ b u f f e r e d  c u l t u r e .
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P a p e r  c h ro m a to g ra p h ic  a n a l y s i s
I n  th e  i n i t i a l  p h ase  o f  th e  i n v e s t i g a t i o n ,  th e  i d e n t i f i c a t i o n  
o f  s a c c h a r id e s  i n  h y d r o ly s a te s  o f  v a r io u s  f r a c t i o n s  was co n d u c ted  
u t i l i z i n g  a s c e n d in g  p a p e r  ch ro m a to g rap h y . The R£ v a lu e s  f o r  th e  
a v a i l a b l e  s ta n d a rd s  a r e  p r e s e n te d  i n  T a b le  5 . The i d e n t i f i c a t i o n  o f  
com ponents i n  c y s t  c o a t  f r a c t i o n s  i s  p r e s e n te d  i n  T ab le  6 . Components 
i d e n t i f i e d  i n  th e  e x in e  f r a c t i o n  in c lu d e d  g lu c o s e ,  g a l a c to s e ,  
g lu c o sa m in e , g a la c to s a m in e ,  and N -a c e ty lg a la c to s a m in e .  Two a d d i t i o n a l  
com ponents rem ained  u n i d e n t i f i e d .  The i n t i n e  m a te r i a l  was found  to  
c o n ta in  r i b o s e ,  rham nose, m annose, g lu c o s e ,  and g a l a c to s e .  R ib o s e , 
rham nose , g lu c o sa m in e , and g a la c to s a m in e  w ere found in  th e  LPS 
f r a c t i o n  w h ile  EDTA-LPS c o n ta in e d  r i b o s e ,  x y lo s e ,  g lu c o s e ,  g a l a c to s e ,  
g lu c o sa m in e , g a la c to s a m in e ,  and N -a c e ty lg lu c o s a m in e . The LPS and 
EDTA-LPS f r a c t i o n s  c o n ta in e d  two a d d i t i o n a l  com ponents w hich rem ained  
u n i d e n t i f i e d .  One o f  th e s e  com ponents m ig ra te d  r a p id l y  p ro d u c in g  
a  h ig h  R^ v a lu e  w h ile  th e  o th e r  com ponent m ig ra te d  s lo w ly , r e s u l t i n g  
in  a v e ry  low R^ v a lu e .  The la c k  o f  a v a i l a b i l i t y  o f  a d d i t i o n a l  
s ta n d a r d s  f o r  s a c c h a r id e s  and t h e i r  d e r i v a t i v e s  p re v e n te d  a  more 
co m p le te  d e s c r i p t i o n  o f  th e  c o m p o s itio n  o f  th e  h y d r o ly s a te s .
C o lo r im e tr ic  a n a l y s i s
The p a r t i a l  a n a l y s i s  o f  th e  v a r io u s  c y s t  c o a t  f r a c t i o n s  by 
c o l o r i m e t r i c  m ethods i s  p r e s e n te d  i n  T a b le  7 . P r o t e i n ,  RNA, DNA, 
h e p to s e ,  h e x u ro n ic  a c id  and t o t a l  c a rb o h y d ra te  a n a ly s e s  w ere p e rfo rm e d . 
The r e s u l t s  o f  th e  2 -k e to -3 -d e o x y  su g a r  a s s a y  a r e  q u a l i t a t i v e  b e c a u se  
no a u t h e n t i c  s ta n d a rd  was a v a i l a b l e .
Ill
T ab le  5 . R evalues o f  s ta n d a rd s  u t i l i z e d  f o r  p a p e r ch ro m a to g rap h ic  
a n a l y s i s  o f  c y s t  c o a t  f r a c t i o n s .
Component v a lu e
S o lv e n t A S o lv e n t B S o lv e n t C
R ibose 0 .519 0 .658 0 .372
X ylose 0 .492 0 .624 0 .337
Fucose 0 .449 0.642 0 .3 8 2
Rhamnose 0 .537 0 .700 0 .433
Mannose 0 .3 7 4 0 .599 0 .3 0 8
G lucose 0 .336 0 .566 0 .2 8 1
G a la c to se 0 .298 0 .514 0 .2 5 3
G lucosam ine 0 .2 8 0 0 .483 0 .252
G alac to sam in e 0 .271 0.447 0 ,2 3 6
N -a c e ty lg lu c o sa m in e 0 .4 3 6 0 .646 0 .3 4 3
N -a c e ty lg a la c to sa m in e 0 .4 2 6 0 .631 0 .295
S o lv e n t A. n-butanol, p y r id in e ,  w a te r  ( 6 :4 :3 ) .
S o lv e n t B. is o p ro p a n o l ,  p y r id in e ,  a c e t i c  a c id ,  w a te r  ( 5 :5 : 3 :1 ) ,  
S o lv e n t C. n-butaiol, a c e t i c  a c i d ,  w a te r  (5 0 :1 5 :3 5 ) .
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T a b le  6 . S a c c h a r id e s  and d e r i v a t i v e s  found  in  v a r io u s  c y s t  c o a t  
f r a c t i o n s  by p a p e r  ch ro m a to g ra p h ic  a n a l y s i s .
Component E x ine X n tine LPS EDTA-LFS
R ib o se + + +
X ylose +
Fucose
Rhamnose + +
Mannose +
G lu co se + + +
G a la c to s e + + +
G lucosam ine + + +
G a la c to sa m in e + + +
N -a c e ty lg lu c o sa m in e +
N -a c e ty lg a la c to s a m in e +
T ab le  7 . A n a ly s is  o f  com ponents i n  h y d r o ly s a te s  o f  c y s t  c o a t  f r a c t i o n s  by  v a r io u s  c o l o r i m e t r i c  a s s a y  
m ethods.
F ra c t io n ^ Y ie ld ,  
mg/g 
d ry  w t. 
o f  c y s t s
P e rc e n ta g e
P r o t e i n ,
2 6 0 / 2 8 0
ENA LPS2 2 - k e t o - ‘i
3 -deoxy  
s u g a rs
T o ta l
c a rb o ­
h y d ra te
H ep tose Hex­
u ro n ic
a c id s
LPS (p h e n o l, Mg44 ) 1 2 . 1 3 .1 3 93 + 84 1 .5 6
LPS (p h e n o l, Ca"1-*") 12 .7 2 . 6 4 96 + 92 2 . 1 5
EDTA-LPS 4 1 .3 6 .5 10 + 25 3 .9 42
LPS (EDTA, p h en o l) 3 8 .6 3 .0 5 97 + 96 2 . 1 58
I n t i n e 0 .3 28 64 50
C e l l  s lim e 2 24 8
C e l l  c a p s u le 19 42 47
C y st s lim e 4 16 13
1. A l l  sam p les w ere a n a ly z e d  a t  a  c o n c e n t r a t i o n  o f  100 ^ ig /m l. The e x in e  f r a c t i o n  was n o t a n a ly z e d  
b e c a u se  i t  was p a r t i c u l a t e .
2 . EDTA-LPS and i n t i n e  f r a c t i o n s  r e s u l t e d  i n  a s p e c t r a l  s h i f t  o f  th e  dye r e a g e n t  to  an  ab so rb a n c e  
maximum c h a r a c t e r i s t i c  o f  h e x u ro n ic  a c i d s ;  t h e r e f o r e ,  th e  c o n c e n t r a t io n  o f  LPS co u ld  n o t be 
d e te rm in e d .
3 . No a u th e n ic  2 -k e to -3 -d e o x y  s u g a rs  w ere a v a i l a b l e  f o r  q u a n t i t a t i v e  m easu rem en ts; t h e r e f o r e ,  th e  
p re s e n c e  o f  th e  s p e c i f i c  chrom agen form ed i n  th e  a s s a y  was i n t e r p r e t e d  to  i n d i c a t e  th e  p re se n c e  
o f  th e  com ponent.
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Amino a c id  a n a ly s i s
The am ino a c id  c o m p o s itio n  o f  th e  c y s t  c o a t  f r a c t io n s  i s  
p r e s e n te d  in  T ab le  8 . The p r e s e n t  s tu d y  i n d i c a t e s  th e  p re se n c e  o f  
12  amino a c id s  i n  th e  v a r io u s  c y s t  c o a t f r a c t i o n s ,  p re d o m in a te ly  
a s p a r t i c  a c id ,  ly s in e ,  s e r i n e ,  g lu ta m ic  a c id ,  g ly c in e ,  and i s o l e u c in e .  
H i s t i d i n e ,  a r g in i n e ,  p r o l i n e ,  and m e th io n in e  w ere a b s e n t .  The LPS 
c o n ta in e d  g lu co sam in e  and g a la c to sa m in e .
SD S-gel e l e c t r o p h o r e s i s
A ttem p ts  to  c h a r a c te r i z e  th e  p r o t e i n  component o f  th e  v a r io u s  
f r a c t i o n s  were made u t i l i z i n g  SDS-gel e l e c t r o p h o r e t i c  te c h n iq u e s .
G e ls  w ere s ta in e d  w ith  Cooroassie b lu e  to  l o c a l i z e  th e  p r o te in  com­
p o n e n t and A lc ia n  b lu e  to  l o c a l i z e  th e  c a rb o h y d ra te  m o ie ty  o f  any  
e x i s t i n g  g ly c o p r o te in s .  T hese  s tu d ie s  in d ic a te d  t h a t  EDTA f a i l e d  
to  r e l e a s e  a s i g n i f i c a n t  p r o t e i n  component from  th e  c e l l  w a ll o f  th e  
c e n t r a l  body o r  from  th e  c y s t  c o a t .  T h is  i s  i n  c o n t r a s t  to  th e  l a r g e  
am ount o f  p r o t e i n  c o n ta in e d  i n  EDTA e x t r a c t s  from  pseudomonads (L e iv e ,  
e t  a l . ,  1968; R o g ers , e t  a l . , 1969; and S t i n n e t t ,  e t  a l . ,  1973).
Gas ch ro m a to g rap h ic  a n a ly s i s
The a n a l y s i s  o f  th e  a v a i l a b l e  s ta n d a rd s  by  g as  ch rom atog raphy  
i s  p re s e n te d  i n  F ig u re  32. A ra b in o se  and rham nose w ere p o o rly  
s e p a r a te d .  The u n id e n t i f i e d  peaks r e s u l t e d  from  p e c u l i a r i t i e s  o f  
th e  column a s  th e y  app ea red  i n  a l l  sam ples w hether s ta n d a rd s  o r  
unknow ns.
A n a ly s is  o f  th e  s lim e  from  v e g e ta t iv e  c e l l s  in d ic a te s  a 
p redom inance o f  g lu c o se  w ith  a  sm a ll amount o f  r ib o s e  (F ig u re  3 3 ) .
The peak  w ith  a  r e t e n t io n  tim e o f  10 .5  min rem ains u n id e n t i f i e d  b u t
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T ab le  8 . Amino a c id  a n a l y s i s  o f  c y s t  c o a t  f r a c t i o n s .
Amino a c id  
o r  Amino 
S u g ar
pH/mg  x 10~^
E xine X n tin e LPS EDTA-LPS
Lys in e 3 3 1 2
H is t id in e 0 0 .4 0 0
A s p a r t ic  a c id 4 5 4 4
T h re o n in e 1 2 4 2
S e r in e 5 2 30 6
G lu tam ic  a c id 3 4 24 5
P r o l in e 0 1 0 0
G ly c in e 7 4 9 5
A la n in e 1 5 7 3
V a lin e 1 3 1 2
I s o le u c in e 6 1 1 1
L eu c in e 1 3 2 2
T y ro s in e 1 3 0 0 . 1
P h e n y la la n in e 1 1 0 .5 1
G lucosam ine 0 0 208 0
G alac to sam in e 0 0 144 0
F ig .  32. A n a ly s is  o f  s a c c h a r id e  s ta n d a rd s  by g as  ch rom atography .
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F ig .  33. A n a ly s is  o f  c u l t u r a l  s lim e  from v e g e ta t iv e  c e l l s  o f  
A z o to b a c te r  v in e l a n d i i  by gas ch rom atography .
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p ro b a b ly  r e p r e s e n t s  a  u r o n ic  a c id  com ponent. The c a p s u le  o f  v e g e t a t i v e  
c e l l s  c o n ta in e d  g lu c o se  and tw o u n id e n t i f i e d  p e a k s , one c o r re s p o n d in g  
t o  th e  s u s p e c te d  u ro n ic  a c id  p eak  o f  th e  c e l l  s l im e , and one w ith  a 
r e t e n t i o n  t im e  o f  8 . 8  m in ( F ig u re  3 4 ) . A s e c o n d a ry  p eak  a t  a  r e t e n t i o n  
tim e  o f  9 .4  m in  e x is te d  a s  a  s h o u ld e r  upon th e  g lu c o se  peak  b u t  i t s  
i d e n t i t y  a l s o  rem a in s  unknown. The c o m p o s itio n  o f  c y s t  s lim e  i s  
p re s e n te d  i n  F ig u r e  35. The p red o m in an t com ponent i s  g lu c o s e  w ith  
l e s s e r  am ounts o f  th e  unknown com ponents fo u n d  i n  c a p s u le  o f  v e g e ta ­
t i v e  c e l l s .  C y s t  c a p su le  c o u ld  n o t be e x t r a c t e d  by th e  method o f  
Cohen and J o h n s to n e  (1 9 6 4 ). T rea tm e n t o f  c y s t s  w ith  10% NaCl a d ju s te d  
to  pH 9 w ith  NaOH f a i l e d  to  rem ove c a p s u le  e f f i c i e n t l y  from  c y s t s .
The e x i n e  c o n ta in e d  rh am n o se , r i b o s e ,  g a la c to s a m in e , g lu c o s e ,  
and  N -a c e ty lg a la c to s a m in e ,  a lo n g  w ith  an  u n i d e n t i f i a b l e  com ponent w ith  
a  r e t e n t io n  t im e  o f  1 0 .5 , p ro b a b ly  a h e p to s e  o r  h e x u ro n ic  a c id  
(F ig u re  3 6 ) .
The i n t i n e  c o n ta in e d  rh am n o se , r i b o s e ,  x y lo s e ,  g a la c to s a m in e ,  
and  N -a c e ty lg a la c to s a m in e  ( F ig u r e  3 7 ) . S e p a r a t io n  o f  g a l a c to s e  and 
g luco sam in e  c o u ld  n o t be a c c o m p lish e d  on th e  colum n used  so th e  
p eak  a t  a r e t e n t i o n  tim e o f  9 .4  co u ld  have b e e n  e i t h e r  o r  b o th  o f  
t h e s e  co m p o n en ts . The l a r g e  p eak  a t  a  r e t e n t i o n  tim e o f  4 .5  min 
rem a in s  u n i d e n t i f i e d .
The EDTA-LPS f r a c t i o n  c o n ta in e d  an  u n i d e n t i f i e d  peak  a t  a 
r e t e n t io n  tim e  o f  4 .5  i n  a d d i t i o n  to  rham nose , r ib o s e ,  x y lo s e ,  
g a la c to s a m in e ,  a n d  g lu c o sam in e  o r  g a la c to s e  (F ig u re  3 8 ) .
The LPS f r a c t i o n  c o n ta in e d  rham nose, r i b o s e ,  and N -a c e ty l­
g a la c to s a m in e  (F ig u r e  3 9 ) . A lth o u g h  no s ta n d a r d s  w ere a v a i l a b l e  
f o r  2 -k e to -3 -d e o x y  su g a rs  o r  m ost o f  th e  h e p to s e s ,  th e s e  p eak s  w ere
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F ig .  34 . A n a ly s is  o f  c a p s u la r  p o ly s a c c h a r id e  from v e g e ta t iv e  c e l l s  
o f  A z o to b a c te r  v i n e l a n d i i  by gas chrom atography.
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F ig .  35. A n a ly s is  o f  s lim e  from  c y s ts  o f  A z o to b a c te r  v i n e l a n d i i  by  
g a s  ch rom atography  a f t e r  4 d ay s  o f  g row th .
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Fig, 3 6 , A n a ly s is  o f  e x in e  o f  A z o to b a c te r  v i n e l a n d i i  by gas 
ch roma t  o g ra p h y .
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F ig .  37. A n a ly s is  o f  i n t i n e  o f  A z o to b a c te r  v in e la n d i i  by gas 
ch ro m a to g ra  phy.
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F ig .  38. A n a ly s is  o f  EDTA-LPS m a te r ia l  
A z o to b a c te r  v in e 1a n d i i  by gas
from  i n t a c t  c y s ts  o f  
ch ro m a to g rap h y .
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F ig .  39. A n a ly s is  o f  U S  i s o l a t e d  from  i n t a c t  c y s ts  o f  A z o to b a c te r  
v i n e l a n d i i  by gas ch rom atography .
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a s s ig n e d  on th e  b a s i s  o f  r e l a t i v e  r e t e n t io n  tim e s  re p o r te d  by o th e r  
i n v e s t i g a t o r s  (W eckesser, e t  a l . , 1972, and H am m erling, e t  a l . ,  1971 ).
The l i p i d  A component ( f r a c t i o n  IX) c o n ta in e d  rham nose, g a la c -  
to s a m in e , and N -a c e ty lg a la c to s a m in e  (F ig u re  4 0 ) .  E th an o lam ln e , 
2 -k e to -3 -d e o x y  s u g a r ,  and h e p to s e  peaks w ere a s s ig n e d  a s  in d ic a te d  
i n  th e  r e s u l t s  o b ta in e d  from  LPS a n a l y s i s .  The a d d i t i o n a l  peak  
a t  a  r e t e n t io n  tim e  o f  3 .1  rem ain ed  u n id e n t i f i e d .
P re lim in a ry  gas ch ro m a to g rap h ic  a n a ly s i s  o f  th e  m e th y l - e s te r  
f r a c t i o n  o f  l i p i d  A ( f r a c t i o n  I )  in d i c a te s  t h a t  b o th  a C-12 and a 
C-14 f a t t y  a c id  d e r iv a t iv e  a r e  p r e s e n t .
The q u a n t i t a t i v e  a n a l y s i s  o f  th e  s a c c h a r id e s  in  th e  v a r io u s  
f r a c t i o n s  by gas  ch rom atog raphy  i s  p re s e n te d  i n  T a b le  9 . H e p to se , 
2 -k e to -3 -d e o x y  s u g a r s ,  and e th a n o la m in e  a r e  in c lu d e d  in  th e s e  r e s u l t s  
a l th o u g h  t h e i r  a b s o lu te  i d e n t i t y  i s  u n c e r t a in .
X -ray  p ro b e  m ic ro a n a ly s is
The a c t io n  o f  ca lc iu m  to  b in d  to  LPS p o ly a n io n s  su g g e s te d  
t h a t  c e l l s  and c y s t s  o f  A z o to b a c te r  sh o u ld  c o n ta in  d i f f e r i n g  am ounts 
o f  c a lc iu m . C e l l s  and c y s ts  w ere washed f r e e  o f  c u l tu r e  medium and 
exam ined f o r  c a lc iu m  c o n te n t  by  X -ray  p ro b e  m ic ro a n a ly s is .  The r e s u l t s  
o f  th e  v e g e ta t iv e  c e l l  a n a ly s i s  i s  p re s e n te d  in  F ig u re  41. The h ig h  
magnesium, alum inum , manganese and i r o n  peaks a r e  p r e s e n t  as  com ponents 
o f  th e  s tu b  w hich  served  a s  th e  specim en h o ld e r .  The two c e l l  s p e c i f i c  
e le m e n ts  a r e  p o ta ss iu m  and c a lc iu m , b o th  i d e n t i f i e d  by t h e i r  K ^ p e a k s .  
When th e  ca lc iu m  c o n te n t  o f  c y s t s  was exam ined , th e  amount d e te c te d  
was c o n s id e ra b ly  g r e a t e r  th a n  th a t  found in  v e g e t a t i v e  c e l l s  (F ig u re  4 2 ) . 
B oth  th e  ca lc iu m  and K» peak s w ere v i s i b l e .  E s tim a te s  o f  th e
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F ig .  4 0 . A n a ly s is  o f  th e  l i p i d  A com ponent o f  th e  LPS from  A z o to b a c te r  
v i n e l a n d i i  by gas ch ro m a to g rap h y .
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T ab le  9 . Gas ch ro m a to g rap h ic  a n a l y s i s  o f  s a c c h a r id e s  i n  h y d ro ly s a te s  
o f  c y s t  c o a t  f r a c t io n s .
Component P e rc e n ta g eExine X ntine LPS L ip id  A EDTA-LPS
R ibose 2 . 8 3 .4 1 6 .1 1 . 0
X ylose 5 .3 1 .4
Rhamnose 2 . 1 5 .2 2 3 .9  4 .4 1 .9
G lucose 1 0 . 1
G a la c to se 33 .6 6 .3
G lucosam ine 2 .3
G alac to sam in e 7 .6 25.5 8 . 8
N -a c e ty lg a la c to s a m in e 1 . 1 1 . 1 1 .7  1.3
H ep tose 3 6 .7  18.9
E thano lam ine +
2 -k e to -3 -d e o x y  su g a r + 4-
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F ig .  4 1 . X -ray  p ro b e  m ic ro a n a ly s is  o f  ca lc iu m  in  v e g e ta t iv e  c e l l s  
o f  A z o to b a c te r  v i n e l a n d i i .
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F ig .  42 . X -ray  p robe  m ic ro a n a ly s is  o f  c a lc iu m  i n  c y s t s  o f  Azotobacter 
v i n e l a n d i i .
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peak a re a s  in d i c a t e  t h a t  c y s ts  c o n ta in  tw ic e  as  much ca lc iu m  
v e g e ta t iv e  c e l l s .
DISCUSSION
C ysta o f  A z o to b a c te r  v i n e l a n d i i  have  b een  p roduced  in  fe n n e n to rs  
c o n ta in in g  B u rk 's  n i t r o g e n - f r e e  medium by th e  a d d i t io n  o f  0.6% 
powdered CaCO^ w ith  1% g lu c o se  a s  th e  s o u rc e  o f  ca rb o n . When CaCOg 
was o m itted  from  th e  medium, t h e  pH r a p id ly  f e l l  to  a l e v e l  which d id  
p re v e n te d  p ro p e r  ency stm en t. The o p tim al pH fo r  ency stm en t ap p ea rs  to  be 
7 .8 ,  th e  f i n a l  pH e s ta b l i s h e d  i n  th e  p re s e n c e  o f  s u f f i c i e n t  CaCO^.
S in c e  CaC03  i s  e x tre m e ly  in s o lu b l e ,  i t s  p re s e n c e  as  a b u f f e r  i n  no way 
a d v e rs e ly  a f f e c t s  th e  norm al g row th  o f  th e  c e l l s .  P e r io d ic  ad ju s tm e n t 
o f  pH to  7 .8  b y  a l t e r n a t e  m eans f a i l e d  t o  in c r e a s e  th e  e f f i c i e n c y  o f 
e n cy s tm en t, i n d i c a t i n g  th a t  CaC03  s e rv e s  an  im p o rta n t f u n c t io n  in  
p ro d u c tio n  o f  c y s t s  in  a d d i t i o n  to  a c id  n e u t r a l i z a t i o n .  The v i s c o s i t y  
o f  n o n e n c y s tin g  c u l tu r e s  becam e ex tre m e ly  h ig h  a s  a r e s u l t  o f  th e  
e x c re t io n  o f  a c id  p o ly s a c c h a r id e s  in to  th e  c u l t u r e  medium. When 
s u f f i c i e n t  c a lc iu m  was p r e s e n t ,  th e s e  a c id  p o ly s a c c h a r id e s  were n o t 
found in  th e  medium.
The p r e s e n t  s tu d y  h a s  d em o n stra ted  th e  in c o m p le te  fo rm a tio n  o f  
e x in e  in  BHB-supplemented c u l t u r e s .  A p p a re n tly  th e  com ponent n e c e s s a ry  
f o r  f i n a l  p o ly m e r iz a tio n  o f  t h i s  " f r a g i l e "  e x in e  i s  d ep en d en t upon 
th e  p re sen ce  o f  s u f f i c i e n t  c a lc iu m . C ouperw h ite  and McCallum (1974) 
have shown t h a t  th e  co m p o sitio n  o f  a l g in a te  o f  A z o to b a c te r  may be 
s h i f t e d  from a  predom inance o f  g u lu ro n ic  a c id  by d e l e t io n  o r  a d d i t io n  
o f  ca lc iu m . T h u s , ca lc iu m  c o u ld  se rv e  a  r e g u la to r y  f u n c t io n  by 
t r i g g e r in g  c o m p o s itio n a l s h i f t s  o f  th e  a l g i n a t e  to  po lym ers which
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a re  in c o rp o ra te d  in to  c y s t  c o a t .  The ab se n c e  o f  an  a p p r o p r ia te  
le v e l  o f  c a lc iu m  r e s u l t s  i n  th e  s o - c a l l e d  " a b o r t iv e "  encystm en t 
in  w hich po lym ers c h a r a c t e r i s t i c  o f  v e g e ta t iv e  c e l l s  p red o m in a te .
T h is  c o n d i t io n  o ccu rs  when c e l l s  w ere produced  in  th e  BHB-supplemented 
medium. F u r th e r  s tu d ie s  co n c e rn in g  th e s e  c u l tu r e s  sh o u ld  be u n d e r ta k e n .
The p re se n c e  o f  LPS in  c u l t u r e  s u p e rn a ta n ts  from  b o th  e n c y s t in g  
and n o n e n c y s tin g  c u l tu r e s  has  been d e m o n s tra te d . The d is a p p e a ra n c e  
o f  LPS from  th e  c u l tu r e  medium d u r in g  en cy stm en t i s  th o u g h t to  r e s u l t  
from c o o r d in a t io n  o f  t h i s  m a te r ia l  in t o  s t r u c t u r a l  u n i t s  o f  th e  c y s t  
c o a t .  C a lc iu m  io n s  have b een  shown to  b in d  to  p u r i f i e d  LPS r e s u l t i n g  
in  th e  u l t r a s t r u c t u r e  o b se rv ed  in  n e g a t iv e  s t a i n s  by e l e c t r o n  m ic ro ­
scopy . A n o th e r  mechanism to  acc o u n t f o r  th e  d is a p p e a ra n c e  o f  LPS 
from th e  c u l t u r e  medium i s  p o s s ib le .  The p re se n c e  o f  s u f f i c i e n t  
c a lc iu m  c o u ld  r e s u l t  i n  fo rm a tio n  o f  LPS a g g re g a te s  o f  s u f f i c i e n t  
s iz e  to  b e  sed im ented  w ith  th e  c e l l  p e l l e t  upon c e n t r i f u g a t io n .
T his e f f e c t  co u ld  e x p la in  th e  d i f f e r e n c e  n o te d  in  r e s id u a l  LPS con­
c e n t r a t i o n  betw een B H B -replacem ent c u l tu r e s  and c u l tu r e s  produced  
w ith  f r e e  CaCO^ in  th e  medium. The p re s e n c e  and su b se q u e n t d is ^  
ap p ea ran ce  o f  LPS from  B H B -replacem ent c u l tu r e s  i n d i c a te s  t h a t  rem oval 
o f  LPS from  th e  c u l tu r e  medium i s  a  n e c e s s a ry  e v e n t i n  fo rm a tio n  o f  
norm al c y s t  c o a t  com ponents.
A s tu d y  o f  th e  s e q u e n t i a l  e v e n ts  in  th e  m orphogenesis o f  
c e l l s  e n c y s t in g  in  b a tc h  c u l tu r e s  u t i l i z i n g  1% g lu c o se  a s  a so u rc e  o f  
ca rbon  h a s  d em o n stra ted  c o n c lu s iv e ly  t h a t  c y s ts  w ere p roduced by t h i s  
m ethod. T h is  r e p o r t  c o n t r a d i c t s  th e  work o f  L in  and S a d o ff  (1968) 
who s t a t e  t h a t  g lu c o se  i s  an  i n h i b i t o r  o f  ency stm en t i n  A z o to b a c te r .
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M orphogenesis o f  g lu c o se -g ro w n  c y s t s  p a r a l l e l e d  th e  developm ent o f  
c y s ts  p roduced  by th e  B H B -replacem ent method (H itc h in s  and S a d o f f ,  
1970). The p ro d u c tio n  o f  v e s ic l e s  by  e n c y s tin g  c e l l s  exam ined in  
th i n  s e c t io n s  was co n firm ed  by sc a n n in g  e l e c t r o n  m ic ro sc o p ic  o b se rv a ­
t i o n s  o f  c r i t i c a l  p o in t  d r ie d  sp ec im en s. T h is  te c h n iq u e  o f  specim en 
p r e p a r a t io n  v i r t u a l l y  e l im in a te s  p ro d u c tio n  o f  a r t i f a c t s  r e s u l t i n g  
from  s u r f a c e  te n s io n  d u r in g  d ry in g  w hich so  p lag u ed  C ag le , e t  a l .  
(1 9 7 3 ).
SEM o b s e rv a t io n s  p ro v id e d  th e  f i r s t  v i s i b l e  ev id en ce  c o n c e rn in g  
th e  p o s s ib le  f a t e  o f  f l a g e l l a  d u r in g  e n cy s tm en t. M o tile  ro d -sh a p e d  
c e l l s  round  up a t  i n i t i a t i o n  o f  e n c y s tm e n t. M o t i l i t y  c o n t in u e s  f o r  
th e  f i r s t  few h o u rs  a f t e r  en cy stm en t h a s  b een  i n i t i a t e d .  P h ase  
m ic ro sc o p ic  o b s e rv a t io n s  i n d i c a te  th e  s p h e r ic a l  p r e c y s ts  tum ble  and 
s p in ,  th e re b y  w rap p in g  th e  f l a g e l l a  a ro u n d  th e  c e l l .  A f te r  f l a g e l l a r  
movement h a s  c e a s e d , s u c c e s s iv e  a c c u m u la tio n s  o f  c a p s u le  and c y s t  
c o a t m a te r ia l s  a s  o b se rv e d  by b o th  TEM and SEM p ro c e d u re s ,  en ca se  th e  
f l a g e l l a .
The d o u b le - f ix a t io n  te c h n iq u e  u t i l i z e d  f o r  p r e p a r a t io n  o f  
specim ens f o r  th in  s e c t io n in g  s i g n i f i c a n t l y  red u ced  th e  in t r o d u c t io n  
o f  a r t i f a c t s  f r e q u e n t ly  en co u n te red  w ith  s in g l e - s t e p  f i x a t io n  p ro ­
c e d u re s . The s t r u c t u r a l  i n t e g r i t y  w hich was a p p a re n t en ab led  
e l u c id a t io n  o f  th e  d i f f e r e n t i a t i o n  o f  c y s t  c o a t in t o  a l t e r n a t i n g  
s t r u c t u r e s  p r e v io u s ly  u n re p o r te d . Ruthenium  re d  s ta in e d  th e  a c id  
p o ly s a c c h a r id e  o f  th e  c y s t  c o a t and th e  c a p s u le  e n a b l in g  r e s o lu t io n  
o f  th e  e x t r a c e l l u l a r  p o ly s a c c h a r id e s  o f  c y s t s  in to  th e  d i f f e r e n t i a t e d  
s t r u c t u r e s  h e r e to f o r e  u n d e sc r ib e d .
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TEM o b s e rv a t io n s  p ro v id e d  in fo rm a tio n  r e l a t i n g  to  th e  lo c a t io n  
o f  m a te r ia ls  e x t r a c te d  from  c y s ts  by t r e a tm e n ts  w ith  EDTA and p h en o l. 
Both o f  th e s e  e x t r a c t i o n  p ro c e d u re s  removed a  la rg e  p o r t io n  o f  th e  
a re a  o f  th e  c y s t  c o a t  betw een  th e  e x in e  and th e  c e n t r a l  body.
L eive  (1965) re p o r te d  t h a t  EDTA removes 50% o f  th e  LPS from  th e  c e l l  
w a ll  o f  gram n e g a t iv e  o rg a n ism s . The p r e s e n t  s tu d y  h a s  d em o n stra ted  
t h a t  EDTA a l s o  removes th e  i n t i n e  s t r u c t u r e s  o f  c y s t  c o a t s  o f  
A z o to b a c te r .
The i n t i n e  component o f  c y s ts  was i s o l a t e d  by two e x t r a c t i o n  
m ethods u t i l i z i n g  EDTA. The method o f  L in  and S a d o ff  (1969a) r e s u l t e d  
in  com plete  s o l u b i l i z a t i o n  o f  i n t i n e  and i n t i n e  v e s i c l e s .  The m a te r ia l  
r e le a s e d  c o u ld  b e  p r e c i p i t a t e d  from th e  EDTA s o lu t io n  w ith  e th a n o l .
T h is  i n t i n e  f r a c t i o n  i s  a p p a r e n t ly  i d e n t i c a l  to  th e  EDTA-LPS f r a c t i o n  
i s o l a t e d  from  c y s ts  by th e  method o f  L e iv e  (1 9 6 5 ). Both o f  th e s e  
f r a c t i o n s  p o s se s s  th e  same ch em ica l com ponents when an a ly z e d  by gas 
ch rom atography  (T ab le  9 ) .  The e f f e c t  o f  EDTA on c y s t  c o a ts  and th e  
s i m i l a r i t y  o f  th e  chem ica l c o m p o sitio n  s u g g e s ts  t h a t  i n t i n e  i s  
composed o f  LPS in  a d d i t io n  to  p o ly s a c c h a r id e s  o f  c a p s u la r  o r ig i n .
The a c t io n  o f  p h en o l i s  more s p e c i f i c ,  rem oving o n ly  LPS from  
th e  c y s t  c o a t .  The i n t e g r i t y  r e ta in e d  by th e  c y s t  c o a t  a f t e r  t r e a tm e n t  
w ith  pheno l in d i c a te s  t h a t  th e  p o ly s a c c h a r id e  com ponent i s  u n a f f e c te d .  
O nly th e  v e s i c u l a r  and t r i l a m i n a r  com ponents w ere removed by p h e n o l.
The L - la y e r  o f  th e  c e l l  w a ll  o f  th e  c e n t r a l  body h as  b een  removed by 
p h eno l t r e a tm e n t ;  how ever, numerous t r i l a m i n a r  s t r u c t u r e s  a r e  p r e s e n t  
betw een  th e  c e n t r a l  body and th e  c y s t  c o a t .  A p p a re n tly  th e s e  s t r u c t u r e s  
w ere u n ab le  to  d i f f u s e  th ro u g h  th e  c y s t  c o a t .  The low y ie ld  o f  LPS 
from  i n t a c t  c y s t s  t r e a te d  w ith  p h e n o l, com pared to  r e p o r te d  y ie ld s
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from  v e g e t a t i v e  c e l l s  o f  E s c h e r ic h ia  c o l i  (L e iv e , e t  a l . ,  1968), 
in d i c a te s  t h a t  m ost o f  th e  LPS i s o l a t e d ,  o r ig in a te d  in  th e  c y s t  c o a t .  
When th e  c y s t  c o a t  was r a p tu r e d  w ith  EDTA p r i o r  to  p h en o l t r e a tm e n t ,  
th e  y ie ld  o f  LPS was n o t i c e a b ly  h ig h e r .
C y sts  p roduced  i n  b a tc h  c u l tu r e s  p o sse sse d  th e  s e n s i t i v i t y  to  
EDTA c h a r a c t e r i s t i c  o f  c y s t s  p roduced  on th e  s o l id  medium w ith  
n -b u ta n o l a s  th e  so u rce  o f  c a rb o n . T rea tm e n t w ith  EDTA was u t i l i z e d  
to  ru p tu r e  th e  c y s t s  p r i o r  to  s e p a r a t io n  o f  th e  e x in e  and  i n t i n e  
com ponents f o r  co m p a ra tiv e  chem ica l a n a l y s i s .  A ttem p ts  to  i s o l a t e  
e x in e  from  c y s t s  p roduced by o th e r  c u l tu r e  m ethods f a i l e d .  S in ce  th e  
e x in e  m a te r i a l s  o f  c y s ts  p rod u ced  in  th e  ab se n c e  o f  s u f f i c i e n t  c a lc iu m  
w ere p o o r ly  a g g re g a te d , th e  EDTA had l i t t l e  l y t i c  e f f e c t ,  r e s u l t i n g  
in  o n ly  p a r t i a l  ru p tu re  and  in c o m p le te  r e l e a s e  o f  th e  c e n t r a l  body.
The r e s u l t i n g  com ponents w ere p o o r ly  s e p a ra te d  in  l i n e a r  su c ro se  
g r a d ie n ts .  I f  m ethods to  in c re a s e  th e  y i e l d  o f  e x in e  p roduced  in  
BH B-supplem ented c u l tu r e s  c o u ld  be d e v e lo p e d , th e  a n a l y s i s  o f  t h i s  
s t r u c t u r e  m igh t p ro v id e  in fo rm a tio n  a b o u t th e  com ponents and 
p o ly m e r iz a tio n  p ro c e s s  n e c e s s a ry  f o r  c o m p le te  fo rm a tio n  o f  c y s t  c o a t .
The r o l e  o f  c a lc iu m  to  c o o rd in a te  LPS in to  a s e d im e n ta b le  
a g g re g a te  i s  c o n s i s t e n t  w ith  th e  f in d in g  t h a t  LPS p o s s e s s e s  u l t r a ­
s t r u c t u r e  i n  th e  p re se n c e  o f  s u f f i c i e n t  c a lc iu m . The p u r i f i e d  LPS 
from  A z o to b a c te r  formed t r i l a m i n a r  r ib b o n s  and r in g s  when exam ined i n  
n e g a t iv e ly  s ta in e d  p r e p a r a t io n s  by e l e c t r o n  m icro sco p y . The d e g re e  
o f  a g g re g a t io n  o f  th e se  s t r u c t u r e s  was d ep en d en t upon th e  c o n c e n tr a t io n  
o f  c a lc iu m  o r  magnesium. When th e s e  d iv a le n t  c a t io n s  w ere a b s e n t ,  
no u l t r a s t r u c t u r e  was e v id e n t .  The s t r u c t u r e s  formed a r e  ty p i c a l  o f  
th o se  se e n  in  LPS d e r iv e d  from  o th e r  o rg an ism s (Ja c k so n  and Zey, 1 9 7 3 ).
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The v e s ic u l a r  com ponents o b se rv ed  i n  n e g a tiv e  s t a i n s  o f  EDTA- 
e x t r a c te d  i n t i n e  m a te r ia l  e x h ib i te d  a  com plex s t r u c t u r e  in d ic a t in g  
th e  p re s e n c e  o f  m u l t ip le  com ponents. A tte m p ts  to  i s o l a t e  in t in e  
v e s ic l e s  a s  a  p a r t i c u l a t e  f r a c t i o n  by h ig h  speed c e n t r i f u g a t i o n  f a i l e d .
A p o s s ib le  e x p la n a tio n  f o r  th e  p re se n c e  o f  th e se  v e s i c l e s  in  TEM 
p r e p a r a t io n s  i s  based on t h e  a b i l i t y  o f  th e  in t in e  f r a c t i o n  to  undergo  
sp o n tan eo u s assem bly  to  a  s t a b l e  s t r u c t u r e  i n  v i t r o . The co m p lex ity  
o f  th e s e  v e s i c l e s  i n d i c a t e s  t h a t  com ponents i n  a d d i t io n  to  LPS a r e  
p r e s e n t .  T h is  i s  su p p o r te d  by th e  f in d in g s  o f  su g a rs  from  p o ly ­
s a c c h a r id e s  when in t in e  was a n a ly se d  by ch ro m a to g rap h ic  p ro ced u re s  
The c a p a b i l i t y  o f  th e se  m acrom olecu les t o  form s ta b l e  s t r u c t u r e s  
sp o n ta n e o u s ly  o r  i n  th e  p re s e n c e  o f  d i v a l e n t  c a t io n s  p ro v id e s  a d d i t io n a l  
ev id en ce  f o r  th e  ro le  o f  c a lc iu m  in  e n cy s tm en t.
P a r t i a l  i d e n t i f i c a t i o n  o f  com ponents in  th e  c y s t  c o a t  f r a c t io n s  
has  r e s u l t e d  i n  a b e t t e r  u n d e rs ta n d in g  o f  th e  o r ig i n  and  s t r u c t u r e  o f  
c y s t  c o a t s .  S lim e i s o l a t e d  from  c u l t u r a l  s u p e rn a ta n ts  o f  v e g e ta t iv e  
c e l l  c u l t u r e s  c o n ta in e d  g lu c o s e  and a  m a jo r  component s u sp e c te d  to  
be a h e x u ro n ic  a c id .  T h is  l a t t e r  com ponent was p r e s e n t  in  g r e a t ly  
reduced  am ounts in  th e  c a p s u le  o f  c e l l s .  The p rim ary  com ponent p r e s e n t  
in  s lim e  from  c y s t  c u l tu r e s  was g lu c o s e . Phase m ic ro sc o p ic  o b se rv a ­
t io n s  in d i c a te d  th e  c a p s u le  o f  c y s ts  rem ained  v i r t u a l l y  i n t a c t  a f t e r  
s e v e ra l  e x t r a c t i o n s  w ith  107t> HaCl a d ju s te d  to  pH 9 w i th  NaOH.
A p p a re n tly  th e  c y s t c a p s u le  i s  o f  d i f f e r e n t  co m p o sitio n  from  t h a t  o f  
v e g e ta t iv e  c e l l s  o r i t  w ould  be r e a d i ly  removed by th e  e x t r a c t i o n  
p ro c e d u re . T h is  in fo rm a tio n  su p p o rts  th e  c o n te n tio n  t h a t  ca lc iu m  
a l t e r s  th e  co m p o sitio n  o f  s l im e  from A z o to b a c te r . T h is  a l t e r e d  s lim e  
co u ld  r e p r e s e n t  a p rim ary  component o f  th e  i n t i n e  and e x in e .  E u r th e r
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s tu d ie s  a r e  n e c e s s a ry  to  i d e n t i f y  p o s i t i v e l y  th e  com ponents i n  c y s t 
c a p su le  so t h a t  th e y  m ight b e  compared w ith  th e  c o m p o s itio n  o f  v e g e ta t iv e  
s lim e  and c a p s u le .
E xine c o n ta in e d  a s u s p e c te d  h e x u ro n ic  a c id  com ponent c h a r a c te r i s ­
t i c  o f  th e  c a p s u la r  p o ly s a c c h a r id e .  A p p a re n tly  ca lc iu m  e f f e c t s  a 
c o o rd in a t io n  o f  th e  e x t e r i o r  c a p s u le  p o ly s a c c h a r id e  to  fo rm  ex in e .
The r e s i s t a n c e  o f  ex in e  to  EDTA and i t s  e le c t r o n - d e n s e  ap p ea ran ce  
in  th i n  s e c t io n s  in d ic a te  t h a t  ca lc iu m  i s  t i g h t l y  bound to  th e  
p o ly s a c c h a r id e  a t  th e  p e r ip h e r y  o f  th e  c e l l .  F u r th e r  e v id e n c e  fo r  
th e  s p e c i f i c  l o c a l i z a t i o n  o f  ca lc iu m  co u ld  b e  o b ta in e d  b y  a n a ly s is  
o f  sp o t maps and  l i n e  scan s  p roduced  d u r in g  X -ray  p ro b e  m ic ro a n a ly s is .
I n t i n e  c o m p o sitio n  d i f f e r e d  c o n s id e ra b ly  from  e x in e ,  in c lu d in g  
s a c c h a r id e s  found in  th e  c a p s u le  in  a d d i t io n  to  L P S -s p e c if ic  com ponents. 
T hese L P S -s p e c if ic  com ponents o f  c y s ts  w ere found to  be th e  same as 
th o se  re p o r te d  f o r  v e g e t a t i v e  c e l l s  by O lin s  and W arner (1 9 6 7 ). The 
LPS o f  th e  p r e s e n t  s tu d y  c o n ta in e d  rham nose, r ib o s e ,  h e p to s e ,  a 
2 -k e to -3 -d e o x y  s u g a r ,  and g a la c to sa m in e  in  a d d i t io n  to  a n  u n id e n t i f ie d  
com ponent.
C laus (1965) re p o r te d  th e  p re se n c e  o f  2 -k e to -3 -d e o x y g a la c to n ic  
a c id  a s  a c a p s u la r  component o f  A z o to b a c te r . The p r e s e n t  s tu d y  
in d ic a te s  t h a t  t h i s  component was p ro b ab ly  th e  r e s u l t  o f  e x c re tio n  
o f  LPS in t o  th e  medium u n d e r n o n e n c y s tin g  c o n d i t io n s .  A b so lu te  
i d e n t i f i c a t i o n  o f  th e  h e p to s e ,  h ex u ro n ic  a c i d ,  and th e  2 -k e to -3 -  
deoxy com ponent shou ld  be acco m p lish ed  u s in g  a u th e n t ic  s ta n d a rd s  so 
t h a t  s t r u c t u r a l  s tu d ie s  c o u ld  be  u n d e rta k e n . G e n e ra lly  th e  co m positions  
o f  c y s t  c o a t  f r a c t io n s  d e te rm in e d  by p a p e r  o r  gas chrom atography  were
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i d e n t i c a l .  Where d i s c r e p a n c ie s  w ere n o te d ,  th e  gas  ch ro m ato g rap h y  
a n a ly s i s  i s  r e p o r te d  b e c a u se  o f  i t s  g r e a t e r  s e n s i t i v i t y  and 
s p e c i f i c i t y .
L in  and S a d o ff  (1969b) r e p o r te d  th e  am ino c o m p o s itio n  f o r  
e x in e .  They co n ten d  t h a t  th e  am ino a c id s  p r e s e n t  r e p r e s e n t  th e  
c o n t r i b u t i o n  o f  p e p t id o g ly c a n .  The p r e s e n t  s tu d y  f a i l s  to  c o n f irm  
t h i s  f in d in g .  R e s u lts  p r e s e n te d  h e re  s u g g e s t  t h a t  th e  m inor p r o t e i n  
com ponent p r e s e n t  p ro b a b ly  r e s u l t s  from  f l a g e l l a  e n tra p p e d  i n  th e  
c y s t  c o a t s  d u r in g  m o rp h o g en e s is . S in ce  th e  am ino a c id  c o m p o s itio n  
o f  f l a g e l l a  from  A z o to b a c te r  rem a in s  unknown, no c o m p a ra tiv e  s tu d ie s  
w ere u n d e r ta k e n .
A tte m p ts  to  d e te rm in e  th e  r e l a t i v e  am ounts o f  c a lc iu m  p r e s e n t  
i n  v e g e t a t i v e  c e l l s  and c y s t s  o f  A z o to b a c te r  b y  X -ray  p ro b e  m ic ro ­
a n a l y s i s  in d i c a te d  c y s t s  c o n ta in  more th a n  tw ic e  th e  amount o f  c a lc iu m  
found i n  v e g e t a t i v e  c e l l s .
The sum m ation o f  th e s e  d a t a  p ro v id e s  in fo rm a t io n  n e c e s s i t a t i n g  
a  m o d i f ic a t io n  o f  th e  d ia g ra m m a tic  r e p r e s e n t a t i o n  o f  th e  c y s t  d e v e lo p ­
m e n ta l c y c le  p re s e n te d  by  S te v e n so n  (1 9 6 7 ) . T h is  m o d if ie d  d ia g ra m  i s  
p r e s e n te d  i n  F ig u re  4 3 . M o ti le  v e g e t a t i v e  c e l l s  round up and 
acc u m u la te  PHB. F l a g e l l a  becom e w rapped a ro u n d  th e  p re c y 9 t ,  w hich 
becomes n o n m o tile .  V e s ic le s  o r i g i n a t e  from  th e  L - la y e r  o f  th e  c e l l  
w a ll and a c c u m u la te  in  th e  c a p s u le  a d ja c e n t  to  th e  c e l l .  I f  s u f f i c i e n t  
c a lc iu m  i s  p r e s e n t ,  th e  LPS and  th e  a l t e r e d  s l im e  a r e  c o o rd in a te d  to  
form  th e  d i f f e r e n t i a t e d  l a y e r s  o f  th e  c y s t  c o a t .  E ncystm en t i s  
co m p le te  by  th e  s ix th  day  o f  g ro w th .
When i n s u f f i c i e n t  c a lc iu m  i s  p r e s e n t ,  th e  LPS and  s lim e  
a c c u m u la te  i n  th e  medium and  a c t  to  in c r e a s e  v i s c o s i t y  and low er pH
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F ig . 43. D iagram m atic  r e p r e s e n ta t io n  o f  ency stm en t and g e rm in a tio n  
o f  A z o to b a c te r  v in e l a n d i i .
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o f  c u l tu r e s  to  n o n e n c y s tin g  l e v e l s .  The p r e c y s t i c  c e l l  ty p e s  a r e  
o c c a s io n a l ly  su rro u n d ed  by a lo o s e ly - d e f in e d  e x i n e - l i k e  s t r u c t u r e  
and numerous e x i n e - l ik e  s t r u c t u r e s  ap p e a r th ro u g h o u t th e  c u l tu r e  
medium.
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